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1. SUMMARY

The objective of this investigation was to characterize the low-
temperature thermal properties of several new, inorganic, dielectric
materials which offer favorable enthalpy-stabilization advantages as

dielectric insulators for superconductors.

Specific heat and thermal conductivity measurements are reported on
four classes of materials: (1) SC-1 materials, which are refractory cer-
amics; (2) SC~2 materials, which can be hot-extruded onto NbTi at : 350°C;
(3) SC-3 materials, which might be hot-extruded onto NbSn at = 6060°C; and
(4) Composites of powders of the SC-1 ceramics cast into glass and varnish
matrices. Thermal properties' measurements at low temperatures are re-
ported both in zero field and in intense magnetic fields up to 15 T, and

a total of elghteen materials were studied.

A broad range of thermal properties are possible with these dielectric
materials: Enthalpies (4.2 » 6 K) range from 7.2 to 121 mJ cm—3 (for com-
parison, the corresponding enthalpy for Pb is 30.3 mJ cm‘3), and thermal
diffusivities (at 5 K) range from 0.005 to 375 cmz/s (the corresponding
value for Pb 1s 42 cmz/s). For the most favorable materials, the specific

heat and thermal conductivity are unaffected by intense magnetic fields.

The ceramic + glass composites (Class 4 above) were chosen to be
compatible with the 600-750°C reaction temperature range of NbSn, and it

was found that a favorable solid~state reaction occurs between the ceramic




IT. INTRODUCTION

The stability of superconducting magnets, motors, and generators
depends, among other things, on providing means for stabilizing '"hot
spots' in the wire. Whatever their cause (wire defects, trapped flux,
etc.), these hot spots can cause local normalization of the wire which
can propagate catastrophically. Commonly, a copper cladding is provided

so that the current can skirt around the normal region.

The problem of dissipating the heat generated by a hot spot (or any
source of heating) has received considerable attention, and this field
of superconductivity technology 1s generally referred to as enthalpy

stabilization(l). All previous suggestions for improving the enthalpy

stabilization of superconductors have dealt exclusively with metallic
approaches(2), such as adding a coating of Pb to gain the added specific
heat offered by Pb [this metal has the largest specific heat of any con-
venient material at low temperatures due to its low Debye temperature
(108 K) and large density (11.3 g/cm3) -- see below, also]. A clever
suggestion was recently made by a group at Los Alamos(3) to add GdAlO

3

powders to the copper cladding to gain a specific heat increase at "4 K.

S The purpose of this study was to investigate for the first time
dielectric materials for enthalpy stabilization, the broad picture
being that these materials would also serve as the dielectric-insulation
coating. These new, inorganic materials resulted from basic research by

the author into the specific heats of ferroelectric-type materials at low




" . and glass which leads to enhanced specific-heat properties in several

cases. In a particularly noteworthy case (60% SC-1C ceramic + 407 7570

glass), the composite has a much larger specific heat (z 0.07 J cm-3 -1)
than the bulk ceramic alone below 7 K. There i1s evidence that the low g

thermal conductivities of all the composites are due to Kapitza resistance,

and suggestions are made for improving these conductitivies. -

The SC-2 and SC-3 type materials have near-metallic thermal conduc-

1K—l), and in the case of SC-2

tivities near 4.2 K (i.e., K < 7 W em
materials it is shown that boundary scattering does not degrade the
thermal conductivity for coating thicknesses > 0.1-0.2 vm. Neither the
SC-2 nor -3 materials contaln paramagnetic ions, yet an expected depen-
dence of the thermal conductivity on intense magnetic fields was found
in these materials. The case of SC-3A 1s particularly dramatic: The

thermal conductivity at 10.5 K has a large maximum at = 9 T.

Attempts to coat a NbTi wire (0.012" diam) with the SC-2B material by
a hot-extrusion process (v350°C) met with some success: A 16-ft scction of
wire was coated, and demanding bend tests (vY%'" radius) showed that the
coating remained intact. This coating, however, was impractically thick,
0.019", due to the available extrusion die used, and a gap developed between
the wire and the coating (seen in corona-discharge studies). Much thinner

coatings on short sections (vinches) of the wire showed no evidence of a gap.

Recommendations are made for future studies of these dielectric coating

materials, In areas of both applied and basic research.
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temperatures(4). There it was found that these materials universally
contain low-lying vibrational modes which often dominate the gspecific

heat at low temperatures; that 1is, the specific heats of these materials
can be an order of magnitude larger than one would expect from the Debye
temperature alone (as determined, say, from elastic constant data).

During the course of this research, the author also discovered a family

of ferroelectric-ferromagnetic materlals which have an additional specific-
heat contribution from a magnetic transition (as will be seen below, some
of these latter materials achieve low-temperature specific heat values

which are almost as large as that of water at room temperature). ¢

We remark at the outset that these materials are not well understood‘
from a basic-physics viewpoint, in particular, the ferroelectric-ferro-
magnetics. Nor was it the purpose of the investigations reported here
to address the solid-state physics of these materials. Rather, the spirit
of these studies was to provide a broad range of low-temperature experi-
mental data on these materials which will be needed to judge their prac-
tical significance as potential dielectric coatings for superconducting
wires. Certainly, the data reported here deserve deeper study. Some of
the evidence measured recently(5) actually suggests that the thermal and
dielectric (but not mechanical) properties of ferroelectrics are similar

to those of glasses at low and ultra-low temperatures.

To illustrate and introduce the attractive low-temperature thermal

properties of these potential dielectric insulation materials, some




preliminary specific heat and thermal conductivity data are shown in

Figs. 1 and 2, respectively. The specific heats of the new ceramics

SC~1C and SC-2B are shown plotted volumetrically in Fig. 1l compared to
published data on resins(6) (We shall describe these materials' designa-
tions in the next section.). The resin data in Fig. 1 are representative
of the specific heats of conventional organic dielectric insulations (e.g.,
Formvar), and, as seen, the SC-1C and SC-2B dielectric materials offer
specific heat values ~10-50 times larger than those of organic insulations.
In Fig. 2 are shown thermal conductivity data for the dielectrics SC-2B,
SC-1A, SC-1B, SC-1D, and SC-1C compared to representative data for epoxies
(6) at low temperatures. The preliminary data in Fig. 2 indicate that the

SC-2B material has a near-metallic thermal conductivity, ~500 times larger

than that of the epoxies.

Consequently, these new, inorganic dielectrics offer considerable
enthalpy-stabilization advantages compared to conventional dielectrics.
Both specific heat and thermal conductivity considerations enter enthalpy
stabilization: A very large specific heat is desirable to minimize the
temperature rise associated with a hot spot, and a large thermal conduc-
tivity 1s desirable to transmit the heat generated to a helium bath.

This is a complex problem, as one must consider film-boiling versus
nucleate-boiling in the helium bath, and it 1is beyond the scope of the

study here to investigate transient heating phenomena through these

potential dielectric coatings. One intuitively anticipates, however,

that a material with a very large specific heat should also have a




VVﬁ-w‘

CJecm > K

i l 1 i J | —

3 5 T(K) 10

Figure 1. Volumetric specific heats below 10 K for two
dielectrics, SC~1C and SC-2B, compared to data
on unfilled resins (Ref. 6).
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reasonably large thermal conductivity, since the thermal diffusivity

is probably the most important parameter.

The purpose of this study at the outset was to measure the low-temper-
ature thermal properties (including the effects of intense magnetic fields)
of three ciasses of new, inorganic dielectrics (so-called SC-1, SC-2, and
SC-3 materials, see below). This involved developing new methods for
measuring thermal properties in intense magnetic fields. As the program

evolved, thirteen composite materials were included which were mixtures of

the SC-1 materials with glasses and with a varnish. Initial attempts to
coat a NbTi wire with one of the pure materials by a hot extrusion process
met with some success as a 16-ft section of wire was uniformly coated. And
lastly, a heat-transfer sample consisting of a rod of carbon-impregnated-
porous-glass coated with an SC-1C + varnish composite was assembled and

the thermal properties of the constituent materials measured.

This report is organirzed as follows: Section III describes the dielec-
tric materials studied; Section IV describes the experimental methods used;
Sections V, VI, and VII describe the thermal properties in zero field and
in intense H-flelds of the SC-~1, SC-2, and SC-3 classes of materials,
respectively; Section VIII describes the SC-1C + varnish composite and the
heat transfer sample; Sections IX and X describe the zero-field thermal
properties of the SC-1B + glass and SC-1C + glass composites, respectively;
Section X1 describes some initial studies of coating NbT1i wire with SC-2B;
and Sectjions XII and XII1 are the Conclusions and Recommendations, respec-

tively.
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III. DIELECTRIC MATERIALS STUDIED

Pure Materials

The SC-1 class of materials are refractory ceramics which sinter to
dense bodies in the temperature range 1250-1350°C. The SC-1A and SC-1B
ceramics have the columbite crystal structure and have specific heat
maxima at 4.2 and 5.3 K, respectively, (see Fig. 3 below). The SC-1C
and SC-1D ceramics are two-phase, spinel + columbite structures and have
specific heat maxima at 8 and 10.5 K, respectively. Because of the re-
fractory nature of these SC-1 materials, it is probable that the only
viable approach for using these materials as coatings would be to mix
powders of these ceramics into a suitable vehicle (e.g., varnish, glass,

epoxy, etc.).

The 8C-2 class of materials are plastic-like materials which can be
hot-extruded at about 350°C without an organic binder and therefore seem
ideal candidates for coating NbTi (In fact, our successful wire-coating
attempt involved extruding SC-2B directly onto NbTi wire.). These ferro-
electric-type materials do not contain paramagnetic ions and so do not

have magnetic anomalies in the specific heat.

The SC-3 class of materials are similar to the SC-2 materials except

that the hot-extrusion temperature 1is about 600°C. For this reason, these

SC-3 materials were considered possible coating materials for NbSn.

Broadly speakiny, these three classes of new, Inorganic diclectrics

.

o




can also be categorized along the lines of their low-temperature ther-

mal properties, as follows: The SC~]1 materials have enormous specific

3

heats (v0.2-1.0 J cm K-l) but rather small thermal conductivities

3_j072 -1 71,

{10~ 0 ° Wenm . The SC-2 materials have very large specific

heats (0.5 J cm-3 K-l) and large thermal conductivities (v1 W cm"l K—l).

Finally, the SC-3 materials have modest specific heats (00.02 J cm—3 Khl)

and very large thermal conductivities (n4 W em™? K-l).

A contributing factor to the large volumetric specific heats of
these materials is their rather large densities which are summarized in

Table 1 below.

Table 1

Densities of the SC Dielectric Materials

Material Density@g/cmB)
sC-1A 5.163

-1B 5.495

-1C 5.912

-1D 5.321
SC-2A 7.557

-2B 7.003

-2C 7.092
SC-3A 4.440

~3B 4.526

" s
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Composite Materials

Thirteen composite materials were investigated. The first composite
was formed by mixing fine powders of ceramic SC-1C into a transformer
varnish, G.E. 7031, This varnish is known to have excellent low-temper-
ature properties and is widely used by experimentalists. The primary
purpose of studying this composite was in connection with fabricating a

heat-transfer sample.

The remaining twelve composites were mixtures of fine powders of
SC~1C and SC-1B and the glasses 7570 and 7052 in three mixing ratios
each: 30, 45, and 607 by weight of ceramic powders. The solidification
temperatures for these glass + ceramic composites are in the 600-750°C
temperature range, chosen to correspond to the NbSn reaction range. The
purpose of including these composites in the program was to explore the
formability and thermal properties of these materials as possible can-
didates for the glass + ceramic wire coating facility at the Westinghouse

R&D Center.

Finally, this dielectric coating program ran in parallel with a
program sponsored by the National Bureau of Standards (NBC Contract
NB81RAC10007) to investigate various ceramic modifications in the SC-1C
and SC-1D materials. There it was found that the SC-1C material could
be improved significantly compared to the data shown in Fig. 1(7), and
this improved version of SC-1C was used exclusively in this coating

program. We shall return to this point in detail in Section V.

11




IV. EXPERIMENTAL METHODS

In this section, we will describe the methods for measuring specific
heat and thermal conductivity, both in zero-field and in intense magnetic
fields. The methods used to prepare the dielectric samples will be des-
cribed separately under the materials sections below (i.e., Sections V

through XI).

Zero Field Measurements

The specific heat and thermal conductivity measurements in zero
magnetic field were made in the adiabatic calorimeter vhich has been
described in the literature(4,8). Briefly, a specific heat sample was
suspended within a temperature-controlled adiabatic shield on a thermal
link, and the time constant of this link was designed to be > 100 s by
varying the length and metal of the link. The sample was outfitted with
a heater (n3000) and carbon-chip thermometer, and addenda weights were
determined by cumulative weighings. The carbon-chip thermometer was
calibrated in situ during the run against a calibrated germanium ther-
mometer(9)., The sample was pulsed with the heater, and AT/T values were
maintained at 2-4%. For large specific heat samples, the addenda correc-
tions were typically < 0.5%, and the overall uncertainty of the method

is = *27%.

Thermal conductivity measurements were made in the same calorimeter,

and two different methods were used depending on the thermal conductivity




. -1
of the sample. For samples with K < 0.1 W ecm K 7, a "one heater, two
thermometers' linear-heat-flow method was used wherein a temperature
difference AT was measured at steady-state with the heater activated.

For samples with K > 0.1 W cm“1 K_l, a '"two heater, one thermometer"

linear-heat-flow method was used wherein the two heaters were indepen-—
dently activated to the same power level and ..T was measured. The reason

for these two methods 1s that for low-thermal-conductivity samples,

significant AT (e.g., AT/T = 3%) can be established with modest hticutor-

power levels, and so small uncertainties in the calibrations of the Iwo

thermometers are not significant. On the other hand, for a hivh-thernai-
conductivity sample, the AT's can be quite small even at large heater-
power levels. In this latter case, the use of one thermometer has the
advantage that AT's can be determined very accurately despite uncertain-
ties in the absolute calibration; the disadvantage of the method is the

requirement to have matched heaters.

In both of these thermal conductivity methods, the carbon-chip
thermometer(s) was calibrated in situ (9), the sample heater(s) was f[inc
manganin wire (2300 ), and the "reservoir" end of the sample was silver-
epoxied to a copper stud which bolted inte the adiabatic shield. The

largest source of error is determining the spacing between the two

thermometers or the two heaters, and this translates into an uncertainty

< 5% for both methods.

In both the specific heat and thermal cornductivity measurements,

e




the calorimeter was evacuated at room temperature, and no helium exchange
gas was used. Also, activated charcoal granules placed in the bottom of

the calorimeter assured extremely high vacuum conditions at helium temper-
atures. These vacuum conditions meant long cooldown times, typically ~4 h

for a thermal conductivity run, 8 h for a specific heat run.

Measurements in Intense Magnetic Fields

Measurements in intense magnetic fields were complicated by three
factors: (1) The space limitation imposed by the tailplece of the insert
dewar (3.81 cm diam); (2) The effect of intense magnetic fields on the
thermometry; and (3) The remoteness of the intense H-field facilities
(MIT and Purdue) combined with the need to transport the experiment to
the facility. The third complication also meant that the logistics of
the experiments had to be carefully pre-arranged (i.e., magnet time,

He availability, etc.), and there was little room for error or misjudge-

ment.

The space limitation of the dewar dictated a single-can cryostat;
that is, there was no room for a temperature-controlled adiabatic shield.
The concern here is the radiation load on the sample. This was solved by
lining the can with aluminized Mylar, and estimates of the radiation load
indicated power levels <1 uW, assuming worst conditions. Since the planned
measurements involved samples with large specific heats or large thermal
conductivities, this radiation power was Insignificant. The cryostat that

was designed and built could accommodate three specific heat samples or

14




two thermal conductivity samples per run. The specific details of this

cryostat are given in Appendix Al.

The problem of measuring low temperatures in intense magnetic ficlds
is solved either of two ways: (1) Calibrating the magnetoresistive effect
in resistance thermometers; or (2) Using capacitance thermometry. The
capacitance thermometer(l0) has the advantage of being unaffected by
intense magnetic fields(ll), and was adopted for the measurements here.
This thermometer has the disadvantage of poor reproducibility from run to
run, complicated by a transient drift (30 min) after reaching He temper-
atures(12). These problems seemed far less formidable than calibrating o
magnetoresistive thermometer because our long cooldown times (13-6 h)
effectively eliminated the transient drift, and the capacitance thermomctor
could be easily calibrated cach run in zero field {This thermometer is
nearly linear, 2-20 K, and easily curve-fitted(13).]. Unencapsulatced
capacitance thermometers were used in all the measurements here in l-

fields.

Finally, three trips were made to the Francis Bitter National Magnet
Laboratory (MIT) and one trip to the Physics Dept. at Purdue University.
A 14 T Bitter magnet was used at MIT, and a 13 T superconducting magnet

at Purdue.

Specific Heat Measurements., The decision to use capacitance ther-

mometry meant that the addendum contribution of this thermometer to the




H total heat capacity of the sample had to be known. This thermometer
element is somewhat large (81 mg) and so could constitute a significant

addendum, especially 1if the effect of an intense H-field were to seriously

depress the sample's specific heat. Consequently, the heat capacity of a

capacitor element was measured(14).

The specific heat method adopted was a version of the so-called
"calibrated-wire" technique wherein the sample slowly (< 10 mK/s) drifc-
ed in temperature from 20 K to 3 K in the presence of an Intense H-field.
The resulting T-t data record was computer-processed to yield specific
heat data, and it was estimated that the uncertainty in the method was
vt 7%4. The details of this method were prepared for publication(15),

and this writeup 1s given in Appendix Al,

The specific heat sample drifted slowly by being connected to a 3 K
reservoir through a thermal-link wire. This wire was calibrated by first
drifting the sample in zero field, provided the thermal conductivity of
the wire is H-field independent (see Appendix Al). Unfortunately, our
large-specific~heat dielectric materials required the use of a copper
link wire, and copper has a significant magneto-thermal conductivity effect,
Therefore, the thermal conductivity of this copper wire in intense H-fields

was measured(16), and a summary of these data is given 1u Appendix Al.

The specific heat measurement technique in intense fields used here

required knowing the zero-field specific heat (see Appendix Al). In all




the H-field specific heat data reported below, thesc measurements were
made on the same samples on which the zero-field measurements had been

made.

Thermal Conductivity Measurements. A decision was made to measure

thermal conductivity data in intense H-fields only on the dielectric
materials with large zero-field thermal conductivities., This choice wus
dictated by magnet availability and by the belief that in the diclectrics
with relatively small conductivities, phonon scattering was probably domi-
nated by phenomena that are H-field independent.

" linear-heat-flow

Consequently, the "two heater, one thermometer
method discussed above was employed involving capacitance thermometrv.

These measurements were done using the same cryostat described above for

the specific heat measurements.

V. SC-1 MATERIALS

As mentioned above, the SC~1 dielectrics are ceramics which sinter
easily in the 1250-1350°C temperature range, so the pellets and bars
needed for thermal properties’' measurements were prepared by conventional
ceramic methods. The densities obtained in the ceramic processing were

> 95% of theoretical density.

Zero-Field Measurements

Volumetric specific heat data on the original SC-1 materials arc




shown plotted in Fig. 3 compared to Pb. Note the logarithmic scale in

Fig. 3. This volumetric plot is the most demanding for making comparisons
with Pb, because this metal has a very large density. The Fig. 3 data show
the enormity of these specific heat maxima in the SC-1 materials; for ex-

ample, the SC-1D ceramic has a maximum = 1.5 J cm—j l(_1 at 10.5 K (at room

temperature, water has a specific heat of 4.2 J cm~3 K_l).

As mentioned above, an NBS-sponsored program(7) had the goal of inves-
tigating ceramic modifications in SC-1C and SC-1D. These ceramics are two-
phase, spinel + columbite materials, and the columbite phase mineralizes
the spinel phase. It was found that the spinel:columbite ratio plays a
significant role in determining the specific-heat properties of the SC-1C
material(7), and these data are shown in Fig. 4. The 9:1, spinel:columbitc
ratio results in the largest specific heat valuesr ‘or SC-1C, as seen in
Fig. 4. For SC-1D, the specific heat values were somewhat insensitive to
the spinel:columbite ratio. Consequently, in all the data reported below,

the SC-1C and SC-1D ceramics with 9:1 ratios were measured.

The zero-fleld thermal conductivity data on the SC-1 materials are
shown in Fig. 5, where the arrows indicate the temperatures of the specific
heat maxima. There appears to be some structure in the thermal conductivity
of the SC-1C and SC-1D materials associated with the specific heat maxima
(i.e., magnetic transitions), but the data in Fig. 5 for SC-1A and SC-1R
vary smoothly and monotonically through the temperature region of the

speclific heat maxima.
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The thermal conductivities of these SC-1 materials are generally
quite small in the temperature range of interest (the conductivity of
glass 1s shown for comparison in Fig. 5). The single-phase columbite
materials, SC-1A and ~1B, approach the T3 boundary-~scattering limit as
indicated by the dashed 1line in Fig. 5. The two-phase, spinel + columbite
materials, SC-1C and ~1D, have much lower thermal conductivities, as

expected for two-phase ceramics.

Magnetic Field Measurements

A decision was made to measure only the specific heats of the 5C-1
materials in intense magnetic fields. The reason for this was that the
refractory nature of these ceramics virtually dictates that these materials

be used as "fillers" in glasses, varnishes, etc., and the thermal conduc-

tivity of such composites is often not dominated bty the thermal conductivity

of the ceramic filler(17).

SC-1A. The specific heat data for SC-]A measured at 2.5, 5.0, and
7.5 T are shown in Fig. 6 compared to the zero-field specific heat data.
The zero-field data have a maximum at 4.35 K, and the effect of a magnetic
field is to lower this transition temperature and to suppress somewhat

the height of the maximum. At 7.5 T, the transition temperature is < 3.9 K.

The specific heat of SC-1A at 4.2 K is actually increased by fields
up to to 5 T due to the lowering of the transition temperature, as seen

in Fig. 6. However, above 5 T, the 4.2 K specific heat decreases rapidly
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with field and has dropped by =507 at 7.5 T.

The data in Fig. 6 were numerically integrated to obtain the enthalpy
of SC-1A as a function of temperature relative to 3.87 K. In computing
these enthalpy data from the data in Fig. 6, the lowest common temperature
from the 0, 2.5, 5.0, and 7.5 specific-heat data sets was chosen as the
reference temperature, in this case, 3.87 K. This same procedure was
employed in all the enthalpy plots below. The density given in Table 1
was used to calculate these quantities on a volumetric basis, and thesec
enthalpy data are shown in Fig. 7. Zero-field data are also shown for

comparison.

The enthalpy corresponds to the heat energy stored in the material,
and the Fig, 7 data reveal a disadvantage of SC~1A; namely, the enthalpy
decreases with the magnetic field strength (note the logarithmic scale in
Fig. 7). This is due to the lowering of the transition temperature with

increasing magnetic field strength.

SC-1B. The H-fleld dependence of the specific heat of the SC-1B
material is shown in Fig. 8 for H-fields up to 7.5 T. Although both
SC-1A and SC-1B are single-phase, columbite-structure materials, an H-
field depressec the specific heat of SC-1B more dramatically than that
of SC-1A (Fig. 6). The dominant effect of an H-fileld is to "flatten"
the specific heat of SC-1B, leaving some small structure at ~5.4 K, the

transition temperature 1in zero fleld.
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The corresponding volumetric enthalpy data relative to 4.173 K,
calculated from the specific heat data of Fig. 8, are shown in Fip. Y.
The H-field suppression of the specific heat of SC~1B also results in

a significant suppression of the enthalpy of this material.

SC-1C. The magnetic field dependence of the specific heat of this
material was pursued more extensively than those of the other SC-1
materials for three reasons: (1) The specific heat maximum at 8 K, Fig. 3,
suggested that this material might be the most attractive coating material
of the SC-1 series, especially as the specific heat of the SC-1B materiul
is depressed so markedly by an H-field (Fig. 8); (2) The initial mcasurc-
ments suggested that an H-field may actually increase the specific heat of
SC-1C; and (3) It was found early on that a considerable amount of structur.

appeared in the specific heat of this material in an intense H-ficld (sce

Fig. 6 in Appendix Al).

The specific heat of SC-1C at 0, 7.5, and 15 T 1is shown in Fig. 10,
and at these intense H-fields the specific heat displays a great deal of
structure in the form of satellite peaks but is not depressed. This was

one of the most significant findings in this study.

The specific heat data at 7.5, 10, 12.5, and 15 T are shown in Fip. !l
(note that the data scales are the same). Structure appears in the specific
heat at 7.5 and 15 T but is noticeably missing at 10 and 12.5 T. We can

only speculate about the level splittings responsible for these phenomena
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Figure 11. Specific heat of SC-1C at 7.5, 10.0, 12.5,
and 15.0 T. Note the structure at 7.5 and
15.0 T.
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at this time. These results are not believed to be dependent upon the
experimental method because the central, dominant peak at 8 K is repro-

duced almost identically at all H-fields.

The specific heat data in Fig. 10 were numerically integrated using
the density of SC-1C in Talle 1 to obtain the volumetric enthalyy at 7
and 15 T, relative to 4.91 K, and these data are shown in Yig. 10, Tl
data show a remarkable experimental result: The enthalpy is increased i
these intense H-fields, and these results appear to be much tarper than
the experimental uncertainty in the original specific heat data (note o
logarithmic scales). These results, which are of considerable therimodyn o
significance, are due to the appearance of the satellite structure i *on
specific heat of SC-1C at intense H=fleld levels (Recall that the repeo-
field specific heat of Fig. 10 was measured on the same sampic, ond the .
zerv-field data enter the analyses of the H-field data, as explained i,

Appendix Al.).

5C-1D. Specific heat data measured on SC-1D at 5, 7.5, and 15 1 ave
shown in Fig. 13, compared to the zero-field specitfic heat. As seen above
with the columbite structure materials SC-1A and -1B, there is a consider-
able difference also between the spinel + columbite materials SC~10 and
~-1D: The effect of intense H-fields on the specific heat of SU-1D is to
depress somewhat the central peak at 10.5 K, but therc is no indication
of the satellite structure thAt appears in the SC-1C data (comparce Fips.

10 and 13). The H-fleld data on SC-1C and -1D were measured under i{dentical
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conditions, which lends additional support to the satellite structure in

the specific heat data of SC-IC.

The specific heat data for SC~1D in Fig. 13 in the neighborhood of the
dominant peak are apparently h-ficld independent between 0 and 5 T and
again between 7.5 and 15 T, as there are basically only two specific heat
curves in Fig. 13 in the neighborhood of the peak. At 7.5 and 15 T, there
is an increase in the specific heat with decreasing temperature below "6 K.
This effect is also evident in SC-1C (Fig. 10), but for this latter material
the effect occurs only at 15 T and for temperatures below ~5.5 K. At these
intense H-field levels, a second specific heat anomaly is apparently induced

in the spinel phases of SC-~1C and ~-1ID at temperatures below 4 K.

The Fig. 13 data were numerically integrated to obtain volumetric
enthalpy data relative to 4.71 K, and these data are shown in Fig. 14.
The enthalpy data are H-field independent between 0 and 5 T, as implied
by the specific heat data of Fig. 13. However, at 7.5 T, the enthalpy
is larger than the zero-field enthalpy for temperatures below 8 K, and
this 1s due to the specific heat increase shown in Fig. 13 below 6 K.

.t 15 T, this effect is less pronounced than at 7.5 T.

We can summarize these H-field data on the SC-1 class of materials by
considering the enthalpy of a hypothetical coating at various temperatures

above 4.2 K. This 1s equivalent to asking what heat energy would be re-

quired to raise the temperature of the coating above 4.2 K, and we select

14
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H=7.5T. These summary data are given in Table 2.

Table 2

Volumetric Enthalpies of the SC-1 Materials
Relative to 4.2 K ar 7.5 T (in units of mJ/cm®)

T(X) SC-1A SC-18B SC-1C SC-1D
5 60.94 19.75 28.45 9.69
6 121.1 49.38 94.12 22.77
1 - 84.97 201.8 38.27
8 - 127.9 590.0 62.24
9 - 179.0 1374.3 102.6
10 -= -= 1597.7 187.4

The data for SC-1A and SC-1B in Table 2 are limited to temperatures
below 6 and 9 K, respectively, because the specific heat data for thesec

materials at 7.5 T did uot extend to higher temperatures.

VI. SC-2 MATERIALS

These materials are inorganic, simple-cubic structures with melting
points at = 450°C. The test samples used here were single crystals supplicd
by Harshaw Chemical Co., Solon, Ohio. These crystals were cut into appro-
priate shapes using a diamond saw, and after the cutting operations, the

samples were annealed overnight at 100-150°C.

Zero-Field Measurements

The zero-field specific heat data for SC-2A, -2B, and -2C are shown in




Figure 15, Also shown, for convenience, are the zero~field data for

SC-3A and -3B. Neither the SC-2 nor the SC-3 materilals contain para-
magnetic ions, and the data in Fig. 15 are plotted (volumetrically) as
C'I‘“3 to illustrate the strongly non-Debye nature of the SC-2 specific
heat data. That is, for a Debye solid, CT-3 = constant at these low
temperatures, and, as seen in Fig. 15, the SC-3 materials are very nearly
Debye-like. However, the SC-2 materials have large, broad maxima in CT_B,
and this means that in these ferroelectric-type materials there are low-
lying vibrational modes which contribute to the specific heat at low
temperatures and give rise to these CT_3 maxima. These low~lying modes

in ferroelectrics have been universally found(4) to follow a single-

Einstein-oscillator model,
2 x X 2
C = cD(eD/T) + 3Rrx"e’ /(e"-1)", x = OE/T, (1)

where C_ is the Debye function (CD o« T3 for T << GD), 6., is the Debye

D D

temperature, OE is the Einstein temperature, and r is the number of
Einstein oscillators per formula weight. It 1s easily shown from Eq. (1)
that C/T3 has a maximum at a temperature Tmax z 0,23 OE, and it 1is inter-
esting to observe in Fig. 15 that both the SC-2 and the SC-3 materials
approach about the same Debye limit, (C/T3)0 = 0.05 mJ cm—3 K—(0 at the

lowest temperatures. However, due to the low-lying mode in SC-2B,

(C/’l‘3)max is about four times larger than the Debye background, and

this maximum occurs in the very useful temperature range of 4 to 7 K.
These findings in the SC-2 class of materials were the original impetus

for proposing them for dielectric coatings.
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The first thermal-conductivity measurements on the SC-2 materials

were made on samples with relatively large cross-sectional areas («0.2
cmz). These data are shown in Fig. 16, and two features are apparent:
Thermal conductivity (K) values in the "metallic'" range are present
(l.e., > 1 W cm-1 K—l), and all three materials display the K « T3

boundary scattering limit at the lowest temperatures (shown by the

dashed lines in Fig. 16).

The K « T3 boundary scattering limit comes about as follows. Klemen-

tary theory predicts that
K = (1/3)Cvx (2)

where C is the volumetric specific heat, v is the average sound velocity,
and ) is the phonon mean-free path (in the dominant phonon approximation).
The mean-free path becomes very large at low temperatures, and when
becomes equal to the sample dimension (or some other characteristic

dimension within the sample, see below), then, since } cannot increase

W

further, K = C « T3 for a Debye solid. Thus, K @ T” signals phonon

scattering from some characteristic geometric boundary.
This discussion reveals that boundary scattering is a very important
consideration in designing a dielectric coating, since in principle the

coating thinness could seriously reduce the thermal conductivity.

For the above reasons, thermal conductivity measurements were made

on bundles of thin rods of SC-2A and SC-2B, and these data are shown in
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Figs.

17 and 18, respectively. Thin-rod measurements were nc  made on

SC~2C because, from Fig. 16, this material has a much smaller thermal

conductivity than either SC-2A or -2B. /‘lso shown for comparison in

Figs. 17 and 18 are thermal conductivity data for commercial copper(lt)

and for the bulk samples of SC-2A and -2B from Fig. 16.

The data in Figs. 17 and 18 reveal that the thermal conductivity is

not significantly degraded in going to thin samples and approximately the

3 . ; N
same T~ limit is reached. These data clearly demonstrate that boundary
scattering is occurring from some entity within the material whose char-
acteristic dimersion is considerably smaller than the sample dimensions

involved in the measurements.

Pursuing this further, we can make use of the thermal data in Figs.
15-18 to estimate the characteristic dimensions responsible for boundary
scattering in these SC-2 materials. Referring to Fq.(2), a knowledyge ot
the sound velocity is required for the analysis, and we shall adopt v =
2 x 105 cm/s as a representative value for cubic structures such as the
SC-2 materials (also, sound velocities in a wide range of solids cluster

about this value).

The specific heat data in Fig. 15 show strong, non-Debye contributions
for the SC-2 materials, as discussed above, and we have to decide whether

these contributions should be included in C in Eq.(2). That is, do thesc

low-1lying modes carry heat and therefore contribute to K? These modes are
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Figure 17. Thermal conductivity data measured on thin
(0.49 mm) fibers of Sc-2A. Shown for compariscn
are data on bulk SC-2A and on commercial copper.
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electric-fleld-independent (19), implying acoustic modes, and we will here
agsume that they do carry heat. This assumption, 1f incorrect, will not
seriously affect the results below because the non-Debye modes are mostly
frozen out in that temperature range where T3 boundary scattering is

clearly defined.

The procedure 1s straightforward for applying Eq.(2): At the lowest
temperature In the K « T3 limit, C is taken from Fig. 15, K is taken from
Figs. 16-18, and Eq.(2) 1is solved for Ab’ the limiting mean free path.

These results are summarized in Table 3.

Table 3

Geometric Phonon Scattering Limits

Smallest Sample

Material Dimension(cm) Ay, (em)
SC-2A 0.145 (Fig. 20) 0.018
~2A 0.048 (Fig. 21) 0.018
-2B 0.155 (Fig. 20) 0.009
-28 0.064 (Fig. 22) 0.009
-2C 0.169 (Fig. 20) 0.002

It is interesting to observe that the )jy-values in Table 3 are much
smaller than the sample dimensions, and these results imply that the
"metallic" thermal conductivities shown in Fig. 16 should be retained
by these SC-2 materials for dielectric-coating thicknesses greater than,

or equal to, these characteristic kb-values.

44




Magnetic~-Fleld Measurements

Although the SC-2 materials contain no paramagnetic ions (Fe3+, N12+,

etc.), it was not considered safe to assume that there would be no effects
on the thermal properties in intense magnetic fields. Therefore, it was
decided to investigate the effects of intense magnetic fields on thesc

SC-2 materials.

The specific heat data for SC-2A at 2.5 and 5 T are shown in Fig. 19,
compared to the zero-field data. These data indicate that up to 5 T,
there is no apparent H-field dependence of the specific heat of SC-2a,
at least within the uncertainty of the measurement (< *107%). The
corresponding volumetric enthalpy data relative to 4.40 K for SC~2A are

shown in Fig. 20 for 0 and 5 T.

The specific heat data for SC-2B at 2.5 and 5 T are shown in Fig. 21,
compared to the zero-field specific heat. 1In contrast to SC-2A, there
appears to be an H-field dependence to the specific heat of SC-2B, the
effect being to uniformly suppress the entire curve as seen in Fig. 21.
The effect appears to be real because the 5 T curve is below the 2.5 T
curve; however, the effect is small: CH/C0 > 90% at 2.5 T, and CH/C0 > 867

at 5 T.

The volumetric enthalpy data relative to 4.29 K for SC-2B are shown

in Fig. 22 for 0 and 5 T.
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No measurements were made on the SC-2C material in intense magnetic
fields. Priorities had to be set in these H-field measurements, and
SC-2C was not selected because both the specific heat (Fig. 15) and
thermal conductivity (Fig. 16) of this material are inferior to those
of SC~2A and -2B. Nonetheless, it can probably be concluded from the
H-field results on SC-2A and -2B that the specific heat of SC-2C is no
more affected by intense H-fields than the specific heats of SC-2A or

SC-2B.

As was done above in Table 2 for the SC-1 materials, the volumetric

enthalpies for the SC-2 materials are given in Table 4 relative to 4.2

The zero-field data for SC-2A and SC-2C were used in Table 4, but becausc

of the slight H-field dependence found for the specific heat of SC-2B

(Fig. 21), the enthalpy data in Table 4 for this material are taken at

Table 4

Volumetric Enthalpies for the SC-2 Materials
Relative to 4.2 K (in units of mJ cm"3)

T (K) SC-?.A(a) SC-ZB(b) s<;—2u(")
5 10.65 15.32 10.83
6 36.47 50.53 39.58
7 79.86 104.1 B4 .35
8 144.6 178.6 154.7
9 232.1 277.4 253.1
10 344.3 400.0 3824
(J)Zero—field
My a5t

K.

5

N
[
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The thermal conductivities of SC-2A and -2B were also investigated in
intense magnetic fields in order to attempt to demonstrate that the thermal
properties of this class of dielectric materials are H-field insensitive at
low temperatures. That is, one can generalize Eq.(2) to an integral over
the density of states showing that if the specific heat is H-field indepen-
dent, then the thermal conductivity should also be H~field independent.
Note in this regard that a specific heat measurement samples all vibra-
tional modes in the Brillouin zone, whereas only those modes that carry

heat contribute to the thermal conductivity.

The first experiments here consisted of measuring K vs. T at one field
level (5 T) on the thin-bars samples of SC-2A and -2B, and it was found
that these data matched the zero~field data of Figs. 17 and 18 within

experimental error (< *10%).

A second set of measurements were made which were more convincing, since
they were relative rather than absolute measurements. These measurements,

which were something of a tour de force, were made using the "one thermometer,

two-heater'" method, and the procedure was as follows: At zero field, a cer-
tain heater power level was determined to give a favorable AT, and the
capacitance thermometer reading with the lower heater activated was re-
corded. Under an applied H-field, the set point of the controller was
adjusted to give the same thermometer reading with the same power applied

to the lower heater. With the same power level applied to the upper heater,

the AT was measured. In this fashion, thermal conductivity data were




measured under essentially isothermal conditions relative to the zero-

field thermal conductivity, and these data are shown in Fig. 23 for SC-2A
and -2B for H-fields up to 12.5 T, At each field level, between 4 and &
points were taken, and the error bars in Fig. 23 reflect the spread in the
data. The uncertainty in the absolute temperature for each sample 1is also
shown. The zero-field measurements in Fig., 23 have the smallest uncertainty

because there 1is usually an unavoidable noise associated witl the "ficld-on

measurements.

The Fig. 23 data suggest a small decrease in the thermal conductivity
of SC-2A with applied magnetic field, and, contrastingly, a small increase
in the thermal conductivity of SC~2B. These may very well be real cffects,
since the data were measured under identical conditions on essentially
identical samples, and the samples behave oppositely. Moreover, the
uncertainties in the temperatures in Fig. 23 (0.01-0.02 K) translate into
uncertaintles in the thermal conductivities of only n0.17%Z (as deduced from
the temperature dependence of K in the neighborhood of the temperature in-
volved). What is clear, however, 1is that the thermal conductivities of

these materials retain their "metallic" values in intense magnetic fields.

VII. SC-3 MATERIALS

The SC-3 materials are inorganic, simple-cubic structures similar to
the SC-2 materials; the melting points of the SC-3 materials, however,

are ~630°C. Single crystals of the two SC-3 materials were obtained from
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Figure 23. Magnetic-field dependence of the thermal conductivitics

of SC-2A and -2B at constant temperature. A fieli-
sweep method was used, and the two samples were measured
under identical conditions. Four to eipht points were
measured at each fleld level,
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the Harshaw Chemical Co., and the appropriate specitic heat and thermal

conductivity samples were cut from the crystals using a diamond saw.

Zero-Field Measurements

The zero~field specific neat data for SC-3A and -3B are shown in

Fig. 15 and have been discussed above.

The zero-field thermal conductivity of SC-3A and -3B measured on
relatively large bars are shown in Fig. 24. Shown for compariscn in
Fig. 24 are thermal conductivity data for commercial copper(18). Thuese
SC-3 materials have the largest thermal conductivities of any of the

materials studied in this program.

As with the SC-2 materials in Fig. 16, the SC~3 materials display the
T3 boundory scattering limit at the lowest temperatures in Fig. 4. This
boundary scattering was investigated further by measuring the thermal
conductivity of a bundle of small bars of SC-3A, and these datus are shown

in Fig. 25 (see, also, the discussion above in Section Vi),

The Fig. 25 data show that the thermal conductivity of SC-3A is much
more size-dependent than the thermal conductivities of the SC-2 materials
(compare with Figs. 17 and 18). Following the same analvses discussed in
Section VI, the limiting mean free path, }b’ can be estimated tor the SC-3

L

materials, and these data are summarized in Table 5.

\ 1

e e M
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Figure 24. Thermal conductivities of the 5C-3 materials (bulk
samples, zero field). Data for commercial copper
are shown for comparison, and these SC-3 materials
have the largest thermal conductivities of anv of
the materials studied.
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Figure 25. Thermal conductivity data measured on thin
(0.64 mm) bars of SC~3A. These data reveal

stronger boundary-scattering effects than the
data for SC-2A (Fig. 17) or SC-2B (Fig. 18).




Table 5

Geometric Phonon Scattering Limits

Smallest Sample

Material Dimension (cm) My (em)
SC-3A 0.414 0.056
SC-3A 0.064 0.019
SC-3B 0.406 0.030

Comparing the Ab—data in Tables 3 and 5, it is seen that, in general,

the characteristic scattering lengths in the SC-3 materials are consid-
erably larger than in the SC-2 materials. This finding may limit the
ultimate utility of these SC-3 materials because, as seen in Fig. 25, on
going to ever thinner sections of SC-3A, the thermal conductivity progres-

sively decreases. We shall return to thils point in detail below.

Magnetic-Field Measurements

The SC-3 materials, like the SC-2 materials, contair no paramagnetic

ions. Nonetheless, the thermal properties of SC-3B were measured in intcense

magnetic fields.

The specific heat data for SC-3B at 2.5, 5, and 7.5 T are shown in
Fig. 26, compared to the zero-field data. As with SC-2B (Fig. 21), there
is a small but progressive decrease in the specific heat with magnetic
field. The corresponding volumetric enthalpy data relative to 3.94 K are
shown 1in Fig. 27. The enthalpy data for SC-3B in Fig. 27 are practically

H-field independent up to 6.5 K.
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As was done above for the SC-1 and SC-2 materials, the volumetric
enthalpies for the SC-3 materials are given in Table 6 relative to 4.2 K.
The zero-field specific heat data for SC~3A were used {(Fig. 15) to compute

the enthalpies for this material. For SC-3B, the enthalpies at 5 T are

given.
Table 6
Volumetric Enthalpies of the SC-3 Materials
Relative to 4.2 K (in units of mJ cm~3)

T (K) sc-3A(a) sc-3B(b)
5 2.10 3.15
6 7.20 9.77
7 16.37 21.42
8 31.80 40.96
9 56.04 71.02

10 92.12 114.3
(a)At zero field.
® e 5 7.

Finally, the thermal conductivity of SC-3A was measured in Intense
magnetic fields by the isothermal, field-sweep method described above
(Section VI)., These data are shown in Fig. 28 and represent one of the
most intriguing findings in this program; namely, the thermal conductivity
of SC-3A goes through a maximum at “8-9 T. In judging these data, recall
that the measurement here is a relative method and that at each H-field
level several measurements were made. The error bars 1in Fig. 28 reflect

the spread in the data at each H-field level, and the noise conditions in

(§13]
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Figure 28. Magnetic-field dependence of the thermal conductivity

of SC-3A at 10.45 K. Several points were measured at
each fileld level, and a large maximum appears in the
thermal conductivity at about 9 T.




these measurements were very favorable (compare with Fig. 23). The
temperature of the data set is glven in Fig. 28, and the uncertainty

in the temperature (* 0.04 K) is far too small to explain the anomaly

in the thermal conductivity data.

Because there are so many measurements involved in the data of Fig.
28, we believe this thermal conductivity maximum in SC-3A is real. The
effect 1is large, = 35% increase in K between 0 and 8 T, and it is difficult
to reconcile this effect with the rather small dependence of the specific
heat of SC-3B on H-fields (Fig. 26). However, central to this argument is
the assumption that SC-3A and SC-3B behave the same. Specific heat data
on SC-3A in intense H-fields are needed to pursue thils unusual effect

further.

VIII. SC-i1C + VARNISH COMPOSITE

The first composite studied was also the most straightforward, namely,
a mixture of SC-1C powder in a common transformer varnish. The varnish
here was General Electric 7031 (abbreviated '7031" below) which is a
viscous, orange liquid that air-cures in 24 h. This varnish is well-
known to low-temperature experimentalists for its adhesion and durability
at low temperatures. Although our original purpose for studyinyg this
simple composite was in connection with fabricating a transient-heat-
transfer test sample (see below), the potential of this composite as a
coating material should not be dismigssed lightly because this composite

lends itself readily to a dip~coating process.




A dip-coating mixture of 7031 and SC-1C was prepared as follows:
Ceramic powders of SC-1C were first prepared by conventional processes
(i.e., mixing, calcining, grinding, re-calcining, grinding, sintering,
and grinding), and subsequent scanning-electron-micrographs revealed a
grain size = 1~2 ym. This powder was slowly added to the 7031 to form
an initial, viscous mixture, the condition being that the powder remaincd
in suspension. The solvent for the 7031 is a 50:50 mixture of alcocho! and
toluene, and this solvent was slowly added to the 7031 + SC-1C mixture
until a sufficiently low viscosity was obtained such that no bubbles
would form on a dipped glass capillary tube. The resulting viscosity
was such that an approximately 0.0005" layer was coated per dip, and
30-60 min were allowed for air curing between dips. Coated capillary
tubes had final thicknesses ranging from 0.003 to 0.015 in, and subsequent
scanning-electron-micrographs showed that uniform, pore-free coatings were
obtained. These cured coatings had a rubbery texture, appeared hard enouwh
to be scratch-resistant, and appeared flexible enough to withstand bend

tests (no quantitative data were measured on these mechanical propertics).

The final mixture was kept tightly sealed and refrigerated between dippings.

A sample of this composite material for thermal properties measure-
ments was prepared as follows: A 1/8" diam section of a candy canc wis
repeatedly dipped in the mixture to form a 1/4" diam rod. The center
cane was dissolved in water, and a sample 1" long was cut from the center
of the tube for the thermal properties sample. Specific heat and thermal

conductivity data measured on this sample are shown in Figs. 29 and 30,
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respectively. Also shown in Fig. 30 are thermal diffusivity data for

this material, calculated according to
k = K/Cp (3)

where K 1is the thermal conductivity, C 1is the gravimetric specific heat,

and p is the density (taken here to be 3.3 g/cm3, see below).

The Fig. 29 data show that this composite has a broad specific heat
maximum at 8.2 K of 86 mJ g_l K—l (280 mJ cm-3 K-I, note accompanying
volumetric scale in Fig. 29)., The thermal conductivity data in Fig. 30
approach the glassy T2 limit at the lowest temperatures, as one would
expect for amorphous materials, and 1t 1is significant to observe that the
thermal conductivity of this composite is much smaller than the thermal
conductivities of the two constituents (i.e., compare with Fipgs. 1 and %,
where the thermal conductivity of the 7031 can be assumed equivalent teo
that of unfilled resins). This effect has been observed on other com-

posites and attributed to a Kapitza resistance between the ceramic yrains

and the resin matrix(17).

The density of the coating was estimated from the dimensions of the

3
tube sample and the weight of the sample, with the result that o i.9§ o/on

(used to determine the volumetric scale in Fig. 29). The mixing ratio A
achieved in the composite was estimated as follows: At 8 K, the specific

6 -1 -
heat of the ceramic powder is 2.5 x 10 erg g ! K ! (from Fig. 4, note that




the 9:1 ratio ceramic was used), and the literature value(20) for the
specific heat of 7031 at this temperature is 1.53 x 105 erg g_l K—l.

Consequently, the weight ratio of the ceramic in the composite is 27.57.

Finally, using the specific heat data in Fig. 29, the volumetric
enthalpy of this composite relative to 4.2 K is determined, and these

data are summarized in Table 7.

Table 7

Volumetric Enthalpies‘® of the SC-1C + 7031 Composite
Relative to 4.2 K (in units of mJ cm~3)

T (K) Enthalpy
18.80
54.58

116.9

310.9

7
4

o R e e AV, ]

617.
10 719.

(a)

Zero magnetic field

Heat Transfer Sample

The goal here was to fabricate a heat transfer sample which would

1

simulate a coated superconducting wire. The requirements for the "wire'

are that it act both as a heater and a thermometer. A carbon-imprepnated-

porous-glass rod (CIPG) was selected as the "wire' because of the favorable

resistance-temperature characteristic of this material which forms the

basis of the so-called carbon~glass cryogenic thermometer(21). The coatiny

e i i — b




on this CIPG rod was, of course, the SC-1C + 7031 composite discussed

above.

The CIPG rod (1/8" diam x 5" long) was obtained from Corning Glass

Works and cut into three sections: one short section (- %") for resiscan-c
calibration, and two long sections (“2L") for dip-coating. “The sl
was calibrated 4-24 K, and these calibration data arc piveun iv Uohlc

Table 8

Calibration Data for the CIPG Heat Transfer Samplc

T (K) R (1) T (X) R (D) T (K) R ()
4.0 36.324 7.5 15.021 15.0 8,541
4.2 33.298 8.0 14,042 16.0 8.273%3
4.4 30.751 B.5 13.222 17.0 7.9600
4,6 28,586 9.0 12,524 8.0 7L7L0
4.8 26,725 9.5 11.926 19.Q 7OATET
5.0 25.113 10,0 11.407 20.0 Tl
5.5 21.898 11.0 10.557 21.0 T
6.0 19,507 12.0 9.8911 22.0 T
6.5 17.664 13.0 9.3571 2300 PRI
7.0 16.204 14.0 8.9180 24.0 b Tl

These calibration data in Table 8 for the short section ot the rod

/

can be transferred to the long sections by scaling the 4.2 K Jdip values.

A more accurate proc Jure for calibration transter is described dn Beto O

m ,
namely, at each temperature, RJ = kRs , where Rv and R are the resistances

)

of the long and short sections and k and m are constants. Thus, if R s

D




measured at two temperatures, k and m can be determined (the 4.2 K dip-
value transfer mentioned above corresponds to m = 1, and, in practice,

it is generally found that m 1is very nearly unity).

For modelling purposes, the specific heat and thermal conductivity of
the CIPG material are required. These thermal data on this material were
measured on the short section (specific heat) and on one of the long sec-
tions (thermal conductivity) of the rod. Tlese data are of broad intvrest
because the CIPG material 1s widely used for cryogenic thermometry wund for
cryogenic bolometry; consequently, these thermal data were published in the

open literature(22).

Nichrome-gold electrodes were evaporated on the ends of the two CIPC
rods, and copper leads were attached with silver epoxy. The rods were then
dip-coated with the SC-1C + 7031 composite as described above (i.e., 0.0005"
layers per dip, 30-60 min, air curing between dips). The final rods had
composite coating thicknesses of 0.003" and 0.0l5", and these rods were

delivered to Wright-Pattersorn Alr Force Base for testing.

IX. SC-1B + GLASS COMPOSITES

The goal in performing some exploratory research on composites of SC-13
(and SC-1C) powders dispersed in glass matrices was to lay some groundwork
for potentially coating NbSn wire using the glass-on-wire coating facilitics

of the Westinghouse R&D Center. That 1s, these facilities were established




to coat conventional wires with glass + alumina composites, so little {
imagination was required to consider replacing the alumina powders with

the SC-1 type powders to gain enthalpy stabilizat.on.

The composites here were prepared by Dr. T. P. Gupta of the Westinghouse
R&D Center under subcontract to Lake Shore Cryotrcilcs, and the initial {
studies were aimed at identifying glasses which would densify in the hbou-
reaction temperature range, 600-750°C. A review of the glass literature
suggested two candidate glass compositions, Codes 7052 and 7570, and thiesc }

glasses were selected for the composite studies with SC-1B (and SC-1C;.

The SC-1B refractory ceramic was selected because of the favorable
maximum Iin this material at 5.4 K, Fig. 3. At the time thic selection was
made, th~ results were not available on the effect of intense magnetic ficlds

on the specific heat (Fig. 8) and enthalpy (Fig. 9) of SC-1BK.

Three mixing ratios of powders of SC-1B in the two glasses were chosen:
30, 45, and 60 wt % of the SC-1B powders. The starting powders of SU-18
were in the particle size range of 1-5 um. In Table 9 below are gilven the
measured densities of the composites and the estimated porosities of these
composites (based upon literature densities of 2.28 and 5.42 g/cm3 for the
7052 and 7570 glasses, respectively). Also given in Table 9 are the volume

%'s of the SC-1B powders in the composites.

70




Table 9

Densities and Porosities of the
SC-1B + Glass Composite Materials

Wt.% Vol.% Actual 3 Porosity(a)
Glass of SC-1B of SC-1B Density(g/cm™) (%)
7570 30 29.7 4.513 17.1
45 44,7 3.878 28.9
60 59.7 4,133 24,4
7052 30 15.1 2.339 15.4
! 45 25.3 2.733 11.7
; 60 38.4 2.244 36.1
(a)

Estimated based on the measured density

The Table 9 data indicate considerable porosity levels in these composites
which 1s somewhat surprising since no organic binders were used (i.e.,

powders of the ceramic and glass were simply mixed and fired).

Specific Heat Measurements (Zero-Field)

The specific heat measurements on these six composites are shown in
Figs. 31 and 32 for the 7570 and 7052 glasses, respectively. Also shown

for comparison are specific heat data on the bulk ceramic. As expected,

the larger the SC-1B content, the larger the specific heats of these
composites. However, whereas the SC-1B + 7052 data in Fig. 32 appear to
scale uniformly with the ceramic content, the SC-1B + 7570 data in Fig. 3!
tell another story: At 30 wt % SC-1B in 7570, the specific heat maximum

at 5.3 K 1s noticeably missing. This seems to imply a .olid-state reaction

between SC-1B and 7570, even though at the higher mixing ratios the specific

é heat maxima do develop.
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Pursuing this further, the specific heat of the ceramic portion alonc
can be deduced from the mixing ratio (note that the contribution f{rom the
glass phase to the specific heat 1is negligible), and these specific heats

of the ceramic powders in the composites are shown in Figs. 33 and 34.

These data clearly show that the specific heat of SC-1B is degraded when
the ceramic powders are mixed into the 7570 glass (Fig. 33), whereas thicre
is essentially no change in the SC-1B material upon mixing into the 7057
glass (Fig. 34). 1It is interesting to note that in all of these composites
there is an enhancement of the specific heat of the SC-IB at temperatur.:

> 7 K.

Volumetric enthalpies relative to 4.2 K were calculated using the specitic
heat data in Figs. 31 and 32 and density data from Table 9. Only the 45 and

60% composites were considered, and these enthalpy data are piven in Table V0.

Table 10

Volumetric Enthalpies of the SC-1B + Glass Composites
Relative to 4.2 K (in units of mJ cm=3)(a)

7570 Glass + 7052 Glass +
T (K) 457 Powder 607% Powder 457% Powder 607 Powder
5 8.93 19.30 12.12 13.23
6 28.18 64.88 39.50 44,65
7 43,24 96.20 57.56 63.80
8 58.22 121.9 72.38 78,749
9 75.25 147.8 87.28 91,01
10 95.18 175.3 102.7 107.7
(a)

Zero magnetic field
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The Table 10 data indicate that the composite of 60%Z SC-1B in 7570 has
the largest volumetric enthalpy of the composites in this series, irrespec-
tive of the demonstrated solid-state reaction between 7570 and SC-1B (Fig.

33). A major contribution to this result is the density of this composite

(Table 9).

Thermal Conductivity Measurements (Zero~Fileld)

Thermal conductivity data measured on the six SC-1B + glass composites
in the range 2-13 K are shown in Fig. 35. The data for the 7052 composites
are generally larger than for the 7570 composites. The thermal conductivity

1 K_l), whereas

data for all the composites are glasslike (i.e., < 1 mW cm
the thermal conductivity of the SC-1B ceramic is = 10 mW cm-l K_l at, say,

10 K (see Fig. 5).

In Fig. 35, the data for the 7052 composites show a smill dependence
on the powder content, and, in fact, the thermal conductivity decreascs
somewhat as the powder content increases. Conversely, for the 7570 com-
posites, the thermal conductivity increases as the powder content increases.
These phenomena are due to connectivity between the ceramic grains: From
Table 9, the volume %'s of SC-1B in 7570 are considerably larper than in
7052, and one expects that connectivity occurs for volume 7's > 33,
Therefore, more thermal-connection paths are established in the 7570

composites than in the 7052 composites.

These are complex phenomena, however, and involve more than connectivity
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Fligure 35. Thermal conductivities of the composites of

SC-1B and 7570 glass (upper plot) and 7052
glass (lower plot).
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between grains. One must also take into account the Kapitza resistance
between the grains and the glass matrix and the phonon scattering from the
pores (note the large porosity levels in Table 9). Also, there is evidence
in Fig. 33 of a solid-state reaction between SC~!B and the 7570 glass,

2

whereas there 1s apparently no reaction with the 7052 glass (Filg. 34).

X. S5C-1C + GLASS COMPOSITES

As with the SC-1B + glass composites above, three mixiny ratiuvs ot n(-!
powders in the 7570 and 7052 glasses were studied: 30, 45, and 60 wt . fihle
measured densities, porosities, and volume %'s of these SC-1C + plass com-

posites are summarized in Table 11 below.

Table 11

Densities and Porosities of the
SC-1C + Glass Composite Materials

We. % Vol.? Actual Porosicy
Glass of SC-1C of SC-1C Density(g/cm3) ()
7570 30 28.2 5.337 3.99

45 42.9 4,486 20.33

60 57.9 4.688 17.82
7052 30 14.2 2.609 6. 66

45 24.0 2.737 19,14

60 36.6 2.502 30.71

(a)

Estimated based on the measured density

Comparing with the SC-1B + glass composites in Tuble 9, it is seen that

the composites with SC-1C have somewhat smaller porositics, particalarly




at the lower powder contents.

Specific Heat Measurements (Zero-Field)

The specific heat data for the SC-1C + 7052 composites are shown in

Fig. 36 compared to the bulk specific heat. At 30% SC-1C, a slight maxi-

mum develops which becomes well developed at 45 and 607%. The temperaturc

of these latter maxima is = 7 K compared to the bulk maximum, 8 K.

The specific heat data for the SC-1C powders only in the glass are
shown in Fig. 37, and it 1s seen that below about 7.5 K the powders all
have larger specific heats than the bulk ceramic. An interaction takes *
place between SC-1C and 7052 which shifts the transition to lower temper-
atures in the composites and results in these Increased specific heat
values (Contrast these Fig. 37 results with the results in Fiy. 34 for

SC-1B powders in 7052.).

The specific heat data measured on the S7-10 + 7570 composites are
shown in Fig. 38 compared to the bulk-ceramic Jdata. At the p0V-pewder
level, the composite has a much larger specific heat thuan the bulk ceramiv

below 6 K, and this was one of the most significant findinps In this study,

Tc underscore the importance of this finding, the Fig. 38 data are plotted

on a volumetric basis, which is the most demanding basis tor making com-

parisons. The 30 and 457 composites in Filg. 38 appear to scale with the

respective mixing ratios and have maxima at =~ 8 K.
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To appreciate the significance of the 60% composite data in Fig. 38,
recall that the bulk SC-1C ceramic is quite refractory (1350°C sinter
temperature) and so cannot be used directly as a wire coating but only
in combination with a vehicle, such as glass. The significance here lies
in that fact that, when combined with the 7570 glass vehicle, the resulting
composite has a specific heat superior to that of the bulk ceramic below

26 K.

The results in Fig. 38 for the 607 composite were of such potential
significance that it was decided to repeat the measurements. In any
material having such a huge specific heat, thermal diffusivity within the
sample can be problematic in a specific heat measurement. Consequently,
great care was taken in the repeat measurements to leave no question as to
thermal diffusivity: The original pellet was cut into quadrants on a diamond
saw, copper foil was varnished to the cut surfaces, and the pellet was re-
assembled with varnish. A duplicate pellet was similarly fixtured. The
measurements made on these two pellets are shown in Fig. 39 and compared
to the original-pellet data. As seen in Fig. 39, the favorable specific-

heat phenomenon in the 60% SC-1C + 40% 7570 composite is reproducible.

Finally, as was done in the previous composites, the specific heats of
the SC-1C powder only in the 7570 composites were determined, and these
data are shown in Fig. 40. These data reveal a strong and favorable inter-
action between SC-IC and 7570 at all three mixing ratios, because in all

cases the specific heat of the powder in the 7570 glass 1is larger than

a4
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Figure 39. Repeatability of the specific heat data for the
60% SC-1C + 7570 composite.
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that of the bulk ceramic (except in the immediate neighborhood of the 8 K

peak).

The specific heat data in Figs. 36 and 38 and the density data in Table
11 were used to calculate volumetric enthalpy data relative to 4.2 K, and
these data are summarized in Table 12. As with the SC-1B composites above,

only the 45 and 60% SC-1C composites were considered.

Table 12

Volumetric Enthalpies of the SC-1C + Glass Composites
Relative to 4.2 K (in units of mJ cm"3)(a

7570 Glass + 7052 Glass +

T (K) 457 Powder 60% Powder 457 Powder 607 Powder
5 11.36 43.3 7.35 8.83
6 35.98 113.8 24,20 28.34
7 81.08 190.4 67.75 76.43
8 180.7 269.2 146.4 188.6
9 324.0 349.6 200.1 265.3
10 439.4 428.9 243.1 321.3
(a)Zero Field

The large specific heat of the 60% SC-1C + 7570 composite (Fig. 38) is
reflected in the enthalpy of this material in Table 12, and these are the
largest volumetric enthalpy values determined in this program for a viable
coating material (Note that the enthalpy values for SC-1A in Table 2 are
larger than those for this composite, but, as with SC-1C, the SC~1lA cannot

be used as a coating directly but has to be incorporated in a vehicle.).
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Thermal Conductivity and Measurements (Zero-Field)

Thermal conductivity data measured on the SC-1C + glass composites at
low temperatures are shown in Fig. 41, As was found above with the SC-1B
composites (Fig. 35), the thermal conductivities of these SC~1C composites

are also glasslike (i.e., < 1 mW em ! K—l).

It is interesting to compare the SC-1B + 7570 and SC-1C + 7570 compos-
ites for connectivity (Recall that in all the composites with the 7570
glass, the vol. %'s of the ceramic powders are large enough to insure
connectivity between the ceramic grains.). In the upper plot of Fig. 35,
the thermal conductivity of the SC-1B + 7570 composites lncreases with
increasing ceramic content; conversely, in the upper plot of Fig. 41, the
thermal conductivity decreases. The explanation here is straightforward:
From Fig. 5, the thermal conductivity of SC-1B is larger than that of the
glass, while for SC-1C the opposite is true. Therefore, due to the connec-
tivity between the ceramic grains, the thermal conductivities of these
composites with 7570 follow the expected behavior based on the thermal

conductivities of the bulk ceramics.

For both the SC-1B and SC-1C composites with 7052, the thermal con-
ductivity decreases with increasing ceramic content (Figs. 35 and 41),

but the effect is more pronounced with SC-1C.

There 1is some evidence for Kapitza resistance in the data for the 60X

SC-1C + 7570 composite in Fig. 41, For example, at 5 K thils composite has
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a thermal conductivity =0.3, compared to =0.7 for the bulk ceramic and
21.0 for the glass phase (in units of mW cm_1 K—l). This implies that
there is an additional thermal resistance to the flow of heat in these

composites.

Pursuing this further, thermal conductivity data on all the 7570
composites are shown in Fig. 42 at the lowest temperatures measured.
There is intergranular comnectivity in these composites, and all the data
in Fig. 42 follow a Tm law, where m 2 2. For two of the data sets, 30%Z
and 60% SC-1C, several data points were measured below 4 K, and for these
composites m = 1.67 and 1.88, respectively. It is in the temperature
range below 4 K where all glasses display a Tz thermal conductivity, so
one might conclude from the data in Fig. 42 that the glass phase in these
composites dominates the thermal conductivity. However, were this the case,
the thermal conductivity values in Fig. 42 would be up to an order of magni-
tude larger (see Fig. 5). On the other hand, the Kapitza resistance varies
as T“n with n £ 2 for dielectrics(23), and this suggests that the data in
Fig. 42 are dominated by the Kapitza resistance (note that the thermal

conductance 1s the inverse of the thermal resistance).

XI. WIRE COATING STUDIES (SC-2B on NbTi)

The SC-~2 materials become ductile at temperatures above about 350°C,
and it therefore seemed possible to hot-extrude these materials directly

onto a wire without the use of an organic binder. The SC-2B material was
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chosen for these studies because of its large specific heat (Fig. 15) and
large thermal conductivity in thin sections (Fig. 18 and Table 3). These

coating studies were subcontracted to Harshaw Chemical Co.

A 100-ft spool of NbTi wire was received from Intermagnetics General
Corp. This was the so-cslled "BNL wire" and had an outside diam. 0.012".
The coating on the wire was either a copper-nickel alloy or a cadmium alloy,

but the coating effort did not allow a determination of this coating alloy.

In the initial coating studies, short sections of the wire were drawn

through a melt of SC~2B, and the results were very favorable. In Fig., 43

are shown photographs of the coated wire (43a.) and of a 1" bend test (43b.).

The SC-2B coating is about 0.0015" thick in the photographs, and there is
no indication of damage to the coating in the bend test. Additional bend

tests down to 1/8" showed that the coating adhered well and did not spall

or flake off, although at a 1/8" bend the coating appeared to re-crystallize.

Attempts to draw longer lengths of the wire through molten SC-iB were
not successful., The wire surface eventually darkened, and then the coating
did not adhere. It was believed that the cadmium alloy on the wire surface
was oxidizing, but performing the operation under a protective atmosphere

(argon) did not alleviate the problem.

In the second coating study, the SC-1B material was hot-extruded onto
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(a)

(b)

Figure 43. Photographs of short sections of NbT1 wire (0.012" diam)
coated with SC-2B (0.0015" thick): (a) Straight section;
(b) 1" bend.
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the NbTi wire. Here, a billet of SC-2B was loaded into an extrusion
press, and the wire was passed through a hole in the billet along the
center line. The diameter of the extrusion die was 0.050". A l6-ft
section of the wire was continuously coated with this setup, and photo-
graphs of the coated wire are showa in Fig. 44, The SC-2B coating here

was uniform, and there was no indication of a surface reaction on the

wire.

The SC~2B coating on this 16~ft section was relatively very thi

(0.019") due to the (available) die diameter, and there were indications
that the coating adherence to the wire was Iinferior compared to the first
coating attempts where the coating was much thinner (0.0015"). In partic-

ular, corona-discharge experiments at Wright-Patterson AFB revealed a gap

between the wire and the thicker coating.

There are two problems involved here which these coating studies

brought into focus: First, the as~received BNL wire had a metallic coat-

ing that was certainly not optimized for the SC-2B dielectric coating.

And second, the compressibility of the dielectric here is much larger

than that of the wire, so that in the extrusion process, which involves
high pressures at the orifice of the dle, the dilelectric is considerably

compressed. On exiting from the orifice, the dielectric relaxes, and 4

gap develops. This effect is magnified in thick coatings.
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XII. CONCLUSIONS

In this report, a voluminous amount of new data on several, potential,
dielectric-coating materials has been presented, the goal being to provide
an experimental compendium of thermal properties for judging the practi-
cality of these materials. 1In the course of these investigations, several
new and intriguing phenomena have been uvncovered, particularly in intensc

magnetic fields.

The experimental data measured on these materials can be encapsulated
along two lines: (1) The volumetric enthalpies relative to 4.2 K; and
(2) The thermal time constants relative to 5 K. The former quantity is

a measure of the heat-storage capacity of a material; the latter quantity,

a measure of how rapidly a material reaches steady-state iollowing a temper-

ature change,

The volumetric enthalpies are summarized in Table 13, where the
materials are listed in order of descending enthalpy (at 5 K). Tempera-
tures above 8 K are not considered in Table 13: The appropriate supercon-
ductors are listed in the table fcr easy reference, and enthalpy data for
unfilled resins (Fig. 1) and for Pb are given for comparison. The data for
resins were calculated from the specific heat data in Ref. 6, and the data
for Pb were calculated from specific heat data for Pb measured (24) in the

same calorimeter used here for the zero-field measurements.
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Table 13

Volumetric Enthalpies (mJ cm~3) Relative to 4.2 K(a)
Super-

Material Conductor 5K 6 K 7 K 8 X
Unfilled Resins (NbTi) 3.95 13.02 28.26 49,96
Metallic Pb (NbT1) 7.72 30.34 79.09 147.1
sc~1a(b) - 60.94 121.1 - -
60% SC-1C+7570 NbSn 43,3 113.8 190.4 269.2
sc~-1¢(b) - 28.45 94.12 201.8 590.0
sc-18(b) - 19.75 49.38 84.97 127.9
60% SC-1B+7570 NbSn 19.30 64.88 96.20 121.9
SC-1C+7031 NbTi 18.80 54.58 116.9 310.9
sc-28(c) NbTi 15.32 50.53 104.1 178.6
60% SC-1B+7052 NbS$n 13,23 44.65 63.80 78.79
45% SC-1B+7052 NbSn 12.12 39.50 57.56 72.38
45% SC~1C+7570 NbSn 11.36 35.98 81.08 180.7
sC-2C NbT1 10.83 39.58 84.35 154,7
SC-2A NbTi 10.65 36.47 79.86 144.6
sc-1p () - 9,69 22.77 38.27 62.24
45% SC-1B+7570 NbSn 8.93 28.18 43.24 58.22
60% SC-1C+7052 NbSn 8.83 28.34 76.43 188.6
45% SC-1C+7052 NbSn 7.35 24,20 67.75 146.4
sc-3p(c) NbSn 3.15 9.77 21.42 40.96
SC-3A NbS$n 2.10 7.20 16.37 31.80
(a)At zero magnetic field, unless noted otherwise
(b)At 7.5 T
(Dpe s.0 1




The ordering of the data in Table 13 according to the enthalpy at
5 K 1s, of course, an arbitrary selection, but in general the enthalpy
data at the higher temperatures tend to scale with the 5 K enthalpy.
The two exceptions are SC~1C and SC-1C + 7031 which have the largest
enthalpies at 8 K (note, however, the SC-1C by itself is not a viable

coating material).

The ordering of the data in Table 13 reveals some very significant
experimental findings: The enthalpies of these new dielectric materials

range up to an order of magnitude larger than that of the unfilled resins

and up to five times larger than that of metallic Pb.

There are also some surprises in Table 13 which were unforeseen

at the start of this program:

(1) On an enthalpy basis, the simple composite of SC-1C powder sus-
pended in G.E. 7031 varnish appears to be the 'best' coating for NbTi,
followed closely by SC-2B (which was actually used in the NbTi-coating
studies). We also note from Figs. 12 and 22 that the enthalpies of these

two materials are very nearly independent of intense magnetic fields.

(2) The '"best" NbSn coating is the 60% SC-1C + 7570 material which
also turns out to be the best coating material in the table on an enthalpv-

ordering basis.

(3) The SC~1B + glass composites in Table 13 appear very favorable

for NbSn, also. However, in judging these composites, one must conslder
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that the enthalpy of bulk SC-1B is significantly depressed by intense

magnetic fields (Fig. 9).

(4) The SC-3 materials rank last in the enthalpy table; however,
these materials have thermal diffusivity advantages, which we consider

next.

The enthalpy data in Table 13 tell only half the story. The thermal

relaxation time measures how rapidly the coating reaches steady-state

following a temperature rise in the wire. The maximum heat transfer through
the coating takes place at steady-state, so the smaller the thermal relax-
ation time, the more rapidly will the heat generated in the wire be trans-

mitted to the helium bath. Of course, the heat cannot be transmitted too

rapidly, since otherwise deleterious film boiling will occur at the coating-
helium interface. One must strive to arrange the heat transmitted through

the coating such that nucleate bolling takes place at this interface, as

this represents the best heat-transfer condition. This 1s obviously a
complex problem involving the thermal properties of the coating (and the
Kapitza resistances at the wire-coating and coating-helium interfaces,

see below), and is beyond the scope of this study. What is clear, however,
is that the thermal relaxation time (1) of the coating plays a central role:
If v 1is too large, nucleate-boiling is not achieved; if v is too small,

film-boiling may occur.

The heat flow through a coating Is a standard boundary-value problem

in Fourier series(25), and whether one solves the cyclindrical-coordinates,




Bessel function problem or approximates the coating by a slab, the

transient solution always involves a characteristic time given by
T = dzlajzk (4)

where d is the coating thickness, k 1s the thermal diffusivity defined

by Eq.(3), and ay is an eigenvalue. For comparison purposes, it seems
reasonable to take aj = m, which corresponds to the leading term (j = 1)
in the solution of the heat flow in a slab. Note that the t-values given
below could be used in the transient solution (cylinder or slab) which
involves sums over terms containing exp(-cjt/1) terms where the cy are

just the ratios of the squares of the respective eigenvalues to nz.

One must assume a reasonable coating thickness d in order to estimate
t-values, and we will select d = 0.127 mm (0.005") as a reasonable value.
Note that this assumed d-value is smaller than some of the Ay-values in
Table 3 and 5, and this introduces a subtlety in determining the thermal
conductivity, K, which enters Eq.(3). Taking SC-2A as an example, )\, from
Table 3 is 0.18 mm, so for a 0.127 mm thickness, K in the I; limit will be
0.127/0.18 = 0.71 times the K given in Fig. 17. This follows directly from
Eq.(2) for d < )\y. The procedure then is to draw a line parallel to the
T3 line in Fig. 17 at 71% of the measured value, and from this line the
estimated K-value is found at various temperatures. This procedure applies

to SC-2A (Table 3) and to the SC-3 type materials (Table 5). For these

estimates we will ignore the magnetic-field dependence of the thermal
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conductivity of SC-2A and -2B (Fig. 23) and of SC-3A (Fig. 28). Note
that in the case of SC-3A, the dramatic maximum in the thermal conductiv-
ity at ~8 T (Fig. 28) would tend to compensate the d < Ay effect mentioned

above; however, the temperature of the (isothermal) measurements in Fig. 28

is considerably higher than the T3-regime range for this material.

For the lower thermal~conductivity materials, we will continue to
assume that the thermal conductivities are magnetic-field-independent for

the reasons discussed above.

For the specific~heat data entering Eq.(3), we will continue 1o use

the magnetic-field data quoted in Table 13. Going further, we can estinite

the enthalpy per unit length, given d = 0.127 mm and adopting the diamctor

of the BNL NbTi wire, 0.305 mm (i.e., coating volume = 7.35 x 10-4 cm3 per

unit length). This estimate can be made directly from Table 13,

Finally, then, listed in Table 14 are the thermal diffusivity data
from Eq.(3) at 5 K, the thermal relaxation times from Eq.(4) at 5 K (with
ay = 7), and the enthalpy-per-unit-length data at 6 and 8 K, for each of
the materials in Table 13, The Table 14 materials are ordered on the
basis of increasing thermal relaxation time. Also listed in Table l4

for convenience are the appropriate superconductors.
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Table 14

Thermal Parameters for a Hypothetical Coating
0.127 mm (0.005") thick(a)

Enthalpy per unit

Super- k(5K) 1 (5K) length (uJ)
Material Conductor (em?/s) (us) 6 K 8 K
Unfilled Resins (NbT1) 0.123 133 9.6 36.7
Metallic Pb (NbT1) 42 0.39 22.3 108.1
sc-3p(b) NbSn 375 0.044 7.2 30.1
SC-3A NbSn 348 0.047 5.3 23.4
SC-24 NbTi 82 0.20 26.8 106.3
sc-28(b) NbTi 67 0.24 37.2 131.3
sc-2¢ NbTi 24 0.69 29.1 113.7
sc-1p{c) - 0.12 138 16.7 45.8
sc-1g(c) - 0.094 173 36.3 94.0
sc-1a(c) - 0.081 203 89.0 -
45% SC-1C+7052 NbSn 0.046 353 17.8 107.6
45% SC-1B+7052 NbSn 0.033 490 29.0 53.2
60% SC-1C+7052 NbSn 0.028 592 20.8 138.6
60% SC-1B+7052 NbSn 0.023 711 32.8 57.9
45% SC-1C+7570 NbSn 0.021 796 26.4 132.8
sc-1c(c) - 0.014 1132 69.2 433.7
45% SC-1B+7570 NbSn 0.0136 1201 20.7 42.8
60% SC-1B+7570 NbSn 0.0080 2054 47.7 89.6
SC-1C+7031 NbTi 0.0064 2538 40.1 228.6
60% SC-1C+7570 NbSn 0.0046 3545 83.7 197.9
(a)At zero field unless noted otherwise
®ae 5.0 1
(g 7.5 1
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The t-ordering of the materials in Table 14 is qualitatively just
the opposite of the enthalpy-ordering in Table 13, and the t-values in

Table 14 span six orders of magnitude.

There appears to be a general relationship between the enthalpy and
T-values in Table 14, and in Fig. 45 are plotted t-values and enthalpies-
per-unit-length at 6 K for all the materials in this program. The Fig. 45
data reveal that the materlals group into two categories: 'Pb-like" with
v < 1 us; and "resin-like" with t > 100 us. For the former category,
there appear to be 1ogarithmic'felationships between T and enthalpy, as

indicated by the dashed lines in Fig. 45.

The Fig. 45 data summarize somewhat all the materials measured in
this program. It is clear that all of these coating materials offer
enthalpy-stabilization properties superior to resins (except for SC-3A

and -3B) and, in most cases, superior to Pb, also.

Finally, we can draw the following conclusions from this study:

(1) Several potential dielectric coatings for superconducting wires,
switches, etc. have been demonstrated in this program. These materials
cover a broad range of thermal time constants (0.04 to 3500 us) and
enthalpies (equivalent to Pb ranging up to about five times larger

than Pb).

(2) The most attractive coatings for NbT1i appear to be SC-2B and a
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composite of SC-1C + 7031 varnish. The former material has been coated
on a NbTi wire by a hot extrusion process, and it has been demonstrated

that the latter material lends itself to a dip-coating process.

(3) The most attractive coatings for NbSn appear to be the ceramic
+ glass composites, in particular the SC-1C + 7570 composites. The SC-1B
+ glass composites have attractive zero-field properties, but there 1is
evidence (Fig. 8) that the specific heat of SC-1B is seriously depressed

by an intense magnetic field.

(4) The thermal properties of the most important materials in this
program are not degraded by iiiense magnetic fields: SC-1C (Figs. 10,12);
SC-2A (Figs. 1-,23); and SC-2B (Figs. 21,23). There is also evidence that
the near-metallic thermal conductivity of the latter two materials is not

degraded on going to thin sections (v0.1-0.2 mm, Table 3).

(5) There is solid-state reaction between the 7570 glass and both

SC-1B (Fig. 33) and SC-1C (Fig. 40). The 7052 glass also reacts with
SC~1C (Fig. 37), and in the case of SC-1C these reactions lead to en-

hanced specific heat properties.

(6) The ceramic + glass composites all have long thermal relaxation
time constants (353 to 3545 us, Table 14), and there 1s evidence that the
dominant contribution to these time constants 1is the Kapltza resistance

within the composite.
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(7) The SC-1A material has not receilved much attention in this
study, but it has been found experimentally here that this material de-
serves further investigation: (a) The effect of an intense magnetic field
is to increase the specific heat at 4.2 K (Fig. 6); (b) The enthalpy of
this material at 6 K and 7.5 T is the largest of any material in the
program (Table 13); and (c) The thermal conductivity is the largest of

the SC~1 class of materials (Fig. 5).

(8) Several new and unusual effects have been discovered in intense
magnetic fields: (a) The specific heat of the chromite spinel in $C-1C
develops sideband structure (Fig. 11) in contrast to the chromite spinel
in SC~ID (Fig. 13); and (b) The thermal conductivities of SC-24, -2B, and
5C-3A show H-field dependences (Figs. 23 and 28) despité the fact that

these materials are alkali-halide-like.

(9) Several ancillary studies have been, or will be, published from
this program: (a) The addendum heat capacity of the capacitance thermometer
(14); (b) Thermal properties of carbon-impregnated porous glass(22); (c)
Thermal conductivity and electrical resistivity of copper in intensec map-
netic fields(16); and (d) Method for measuring specific heats in intensc

magnetic fields [Appendix Al](15).

XIII. RECOMMENDATT™ NS

In a study involving several new materials and several phenomena,

all of which are in a pioneering vein of sorts, it is by no means straight-

100,




forward to set priorities on subsequent studies. The specific areas
for future studies can, however, be identified, and these fall into two

categorles: Applied Materials' Research, and Basic Materials' Research.

Applied Materials' Research Areas

Thermal expansion measurements and dielectric breakdown measure-
ments (4.2 K) are needed on the most promising coating materials. For
very thin coatings, however, thermal expansion mismatches may not be a
problem due to the "Housekeeper's seal' effect which is well-known in

glass-to~-metal seals.

The solid-state reactions between SC-1C and the 7052 and 7570
glasses (Figs. 37 and 40) deserve further investigation, as one intui-
tively suspects that the ideal coating for NbSn will result from these
systems. The nature of these reactions should be explored by making
additional samples in, say, the 45 to 757 ceramic range and performing
X-ray analyses, scanning-electron-microscopy, etc. Measurements of the
thermal properties of such composites in intense magnetic fields are also
needed to determine if these reactions are altering the magnetic-field-

insensitivity of the specific heat of SC-1C (Fig. 10).

Along this line, it seems clear that the thermal conductivities of
the ceramic + glass composites may be too small for several applications.
One approach to improving the thermal conductivities 1s to add alumina

powder at = 33 vol. % to insure connectivity, and it would be worthwhile
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to see if the favorable reaction between SC-1C and 7570 (Fig. 40) could
be preserved 1n such composites. Such a three-component composite would
most probably have a lowered specific heat, but this may be a small price
to pay to gain the improved thermal conductivity and thereby a smaller

thermal relaxation time.

Composites of SC-1A and 7052 now appear to be very promising: Pre-

sumably there would be no unfavorable reaction between the ceramic and the

glass based on Fig. 34 (note that SC~1A and SC-1B are single-phase, columbite

structures), and the large thermal conductivity of SC-1A (Fig. 5) may lead
to large composite thermal conductivities provided the vol. 7 of SC-1lA is

large (see Table 9 and Fig. 35).

Additional experience is now needed in coating NbTi and NbSn with
these materials, the eventual goal being to wrap a test coil. Several
development efforts would constitute such a program, and one of the most
important ingredients will be to devise appropriate intermediate coatings
between the superconductor and the dielectric to achieve good adhesion.

Last, but certainly not least, 1s the need to develop a transient-
heating model that will allow one to make judgements regarding the ple-
thora of specific heat and thermal conductivity data reported here on
these various coating materials. Such a model {s being developed
currently by Lt. S. Holmes at WPAFB. In this same vein, planar-geometry

heat-transfer samples similar to those studied by Iwasa and Apgar(26) are
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needed to perform experiments to check the model. Such samples should
be coated with some of the dielectrics reported here, and in fact such
samples coated with SC-2A, -2B, SC-1C + 7031, and 607 SC-1C + 7570 are

in preparation for delivery to WFAFE.

Basic Materials' Research Areas

The role of Kapitza resistance in these dielectric coatings cannos
be overemphasized, nor can the fact that it is poorly understood. rHapitzo
resistance occurs at the boundary between two dissimilar substances duc te
acoustic-phonon mismatch, and we have three interfaces to consider: between
the superconductor and the coating; between the coating and liquid heliun;
and, in the case of composites, between the ceramic particles and the oliss
or varnish matrix. We have seen evidence in these studies that Kapit:za
resistance dominates the thermal conductivity of the composites (e.pn.,

Fig. 42).

Very little work has been published on these three types of Kapitza
resistances involving dielectric materials, and a substantial basic pro-
gram could be involved here. The scope of such a program should also

include measurements in intense magnetic fields.

The chromite spinels in SC-~1C and -1D are new spincls which have not

been investigated from a basic-physics viewpoint, to our knowledpe. Lecatse

of their very large specific heats, these materials are also beinp studied

as regenerator matrix materials for Stirling cycle cryocvolers(7), yet,
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incrediply enough, their magnetic susceptibilities have not yet been

measured at low temperatures. The magnetic-field-induced structure in

the specific heat of SC~1C (Fig. 11) is a ripe area for further study.

Moreover, there 1s some evidence(7) that SC-1C may be ferroelectric, and

this may be the explanation for the very large specific heat of this
material: There would then be three contributions to the specific heat --
the Debye background plus the '"ferroelectric' mode(4) plus the magnetic
contribution. Basic studies of these spinels should involve single
crystals and measurements of both ferroelectric and magnetic properties,
including measurements in intense magnetic and electric fields. We remark

here that the presumed magneto-electric coupling in these spinels could

in itself prove to be a very fruitful area of research.

The SC-2 and SC-3 materials are poorly understood, in particular as
regards the '"ferroelectric” modes in the SC-2 materials (Fig. 15) and the
very practical thermal conductivities of the SC-2 materials (Figs. 17 and
18). One can ask what small geometric entitles in the SC-2 materials are
controlling the T3—boundary scattering and how might these entities be
controlled. The effects of intense magnetic fields on the thermal con-
ductivities of SC-2A and -2B (Fig. 23) and SC-3A (Fig. 28) were completely
unexpected and appear to be real effects. Based on the slight decrease
in the specific heats of SC-2A and -2B with intense fields (Figs. 19 and
21), one would expect a correspondingly slight depression in the thermal

conductivities based on thermodynamic considerations, such as occurs in

SC~2A (Fig. 23). The thermal conductivities of SC-2B (Fig. 23) and




SC-3A (Fiyg. 28) are completely anomalous.

In particular, the strong realiut
in the thermal conductivity ot SC-3A at YT deserves turther studics af other
temperatures; unfortundately, the specific heat of SC-3A wds not measured 1

intense tields in this study, and these measurements should also be pursued.
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System Safety Hazard Analysis Report

SC-1 Class of Insulations

This clas< of materials are refractory oxides which are formed into solid
bodies by conventional ceramic methods at temperatures near 1300°C. These
ceramics in powder form are subsequently mixed into appropriate vehicles such
as epoxies, varnishes, or glasses for application to superconducting wires.
Consequently, the only safety hazard that 1s posed occurs during the 1300°C
ceramic process which is conventionally carried out in a furnace with appro-
priate fume control. The hazard results from possible toxic gases emanating
from the ceramics.

SC-1A.  No hazard

SC-16. No hazard

SC-1C. This material contains cadmium, so there is a potential hazard
in firing this ceramic due to cadmium vapor if adequate fume control measures
are not taken. The recommended maximum allowable (8-hr-day) concentration
of cadmium vapor in air is 0.1 mg/mz. We point out, however, that cadmium
loss is detrimental to the physical properties of this ceramic, so the ceramic
is always sintered in a tight enclosure to eliminate cadmium loss as a
practical matter.

5C-~1D. No hazard

SC-2 Class of Insulations

This class of materials are intended to be applied to superconducting
wires by either a hot extrusion process or drawing through a melt. A1} of
the SC-2 materials contain thallium, so there is the hazard of heavy-metal
toxicity and these materials must be handled with care (See "Occupational
Diseases - A Guide to Their Recognition" - Rev. Ed. June, 1977; USDHEW
Emergency & First Aid Procedures). The threshold limit value of thallous
halides is 0.1 mg/m3. Handling of thallous compounds may be a skin irritant
and sensitizer, and for skin contact the affected area should be washed




thoroughly with soap and water. With any cutting or grinding operation,

a local exhaust should be used to maintain exposure below the threshold
value. Dust and cutting chips should be vacuumed promptly. At temperatures
between about 500-600°F, these materials will Vo]ata]ize thallium compounds,
so any melt or extrusion operations should be done with appropriate fume
control. If ventilation is inadequate, NIOSH/MESA approved respiratory
protection should be used [see DHEW (NIOSH) Publication #77-159, Data Sheet
#S306].

SC-3 Class of Insulations

No hazard.
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W.N. Lawless, C.F. Clark, and R.W. Arenz
CeramPhysics, Inc., Westerville, Ohio 43081

(Abstract)

A drift method is described for measuring specific heats in intense
magnetic fields at low temperatures. Capacitance thermometry is used, and
an automated data-collection system utilizes the imbalance of a transformer-
ratio~arm bridge to process the capacitance data. The zero-field specific
heat must be known, and measurement of the in situ drift in zero-field cali-
brates the thermal link. Additional calibration of the link is required if
the link's magneto-thermal conductivity effects are significant, and a
specific example of a copper~wire link is presented. The method resolves
complex structure in the specific heat near a steep A-type anomaly, as
illustrated by measurements on a chromite spinel at 7.5 T. The uncertainty

in the method 1s estimated to be =z *77%.
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INTRODUCTION

Calorimetry in intense magnetic flelds at low temperatures generally
involves resistance thermomet:ers.1 The magnetoresistance of these thermo-
meters is handled either by calibrating the magnetoresistive effect or by
locating the thermometer out of the field region (e.g., coupling the sample
and thermometer by a long Au wire). The capacitance thermometer2 is un-
affected by intense fields,3 yet except for brief mention by Pratt et 31.4
there appears to have been no effort to use capacitance thermometry in
magnetic-field calorimetry. There are probably two reascens for this: First,
unencapsulated capacitor units are somewhat large (0.16 x 0.16 x 0.77 cm3,
82 mg) and so could constitute a large addendum; and second, a transient
(%30 min) drift in this thermometer at low temperatures5 and poor reproduc-

ibility necessitates calibrating the unit each run.

The need to perform specific heat measurements in intense fields at
low temperatures on ceramics of potential use as dielectric 1insulation
materials for superconductors led us to develop a calorimetric method using
capacitance thermometry. The purpose of this paper 1is to describe this
method. 1In our case, samples could be made of any size, and these ceramics
have very large specific heats at low temperatures (n0.1 J g_l K—I) so the
addenda correction 1is very small, Pursuant to this method, the addendum
heat capacity of the (unencapsulated) capacitance thermometer was recently
published.6 The method reported here is a version of the so-called '"cali-
brated-wire'" technique wherein the sample slowly drifts in temperature from
20 to 3 K in an intense H-field. Three samples per run could be measured

in a 14 T Bitter magnet, and the data collection was automated.

EXPERIMENTAL METHODS

The basic scheme of the method is to arrange the sample to drift

slowly in temperature®between about 20 and 3 K and to convert the result-
ing capacitance-time data to specific heat-temperature data. In this
section, we will first describe the theory of the method followed by a

description of the experimental techniques and the data-collection system.




Theory of the Method

Consider a sample of total heat capacityﬁ? coupled to a reservoir

through a (dominant) thermal link of thermal conductance G. If at time

t the sample temperature is T and the reservoir temperature is To’ then

in a time interval dT the sample temperature will change an amount 47

according to

,Gﬂ(d'r/dt) = =Gy (T-T )

(L)

provided there is no power flow to the sample. The subscript H refers

to the magnetic field intensity. Strictly speaking, GH is a function of

T, To' and H, depending on the thermal link, and we shall return to this

point in detall below.
For convenience, define
by = ~(T-T ) /(dT/dt)
so that
Ly = by Oy
The heat capacity has two contributions,

,é‘ - msCH + a(T),

where m and CH are the mass and specific heat of the

(2)

(3)

(4)

sample, respectively,

and a(T) is the total addenda contribution. Assuming that the addenda arc

field-independent, Eqs.(3) and (4) yield

co—cH = [co+ a(T)/ms] (1—BH¢H/¢O) (5)

for the fleld-dependent specific heat, C,_, relative to the zero-fileld

H
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specific heat, Co' Here, B8, 1s the parameter which calibrates the H-field

H
dependence of the thermal link,

B

y = Sy/S, (6) 'i

Consequently, 1if Co and BH are known, Eq.(5) relates CH to the zero-
field drift data, ¢o’ and to the drift data in an irrense field, by In
our case here, Co was measured on the same samples in a conventional calox-

imeter described elsewhere.7

Experimental Techniques

A schematic drawing of the experimental arrangement is shown in Fig. 1.
The sample (1) in the form of a pellet (1 cm diam) is thermally linked to
a copper reservoir (6) by a spiralled copper link (5), 0.07 mm diam, oriented
so the axils of the spiral is parallel to the magnetic field. This copper
link 1is the dominant thermal link, and the very large specific heat of our
ceramic samples necessitated using a copper link, This complicated the link
calibration, BH’ as will be seen below; for samples with smaller speciric

heats, a more convenlent manganin link would suffice.

A second, mechanical link (4), 0.13 mm diam manganin wire, was wrapped
around the sample. Both links, (4) and (5), were indium-soldered to a
copper post (3) mounted in the reservolr (6). The mechanical link (&)
wrapped tightly on the sample was particularly necessary in the case of
samples containing paramagnetic ions to provide mechanical stability when

changing field strengths,

The pellet sample (1) was grooved to accept the capacitance~thermometer
element (2) to provide good thermal diffusivity, and the thermometer leads
were'tempered to the sample. 1t was determined in zero-field drifts that
with this arrangement there was a negligible difference (<10 mK) between
the sample temperature and the thermometer temperature for drift rates as

high as 10 mK/sec, even in the case of a chromite spinel with a very large

P




specific heat maximum at 7.99 K (see below).

Each sample was outfitted with a manganin heater (7), “~200., and
G.E. 7031 varnish was used in the sample assembly (The sample heater was
used for convenience only, see below.). All sample hook-up leads were

0.03 mm diam manganin wires. Addenda weights were determined by cumulative

weighings.

The copper reservoir (6) accommodated three samples arranged vertically,
and all three samples were located within the homogeneous field region of
the magnet. The reservolr was attached to the flange of a single~can,
immersion cryostat with a stainless~steel link chosen to provide a conven-
ient balance between cooldown time versus helium-boiloff durinpg temperature
control of the reservoir (i.e., no helium exchange gas was used). All
electrical leads were thermally anchored to the cryostat flange and to the
top of the copper reservoir, and the pumping line was radiation-baffled.
A micro~-minilature coaxial cable was the common lead to all capacitance ther-
mometers to minimize stray capacitance. The other individual capacitance
leads were twisted, 0.08-mm diam, phosphor bronze wires which were encasced
in a long, stainless-steel tube (.318 cm diam) with a webbing ot 7031 varnisi.
This small tube ran the length of the pumping line and was grounded, and the
purpose of this tube was to eliminate any relative motion between the capaci-
tance leads and ground due to mechanical vibrations (this motion causes noise

in the capacitance signal),

A brass can (3.81-cm outside diam to fit the magnet bdore) was bolted o
the flange with an indium seal, and zeolite pellets were placed in the hettom
of the can. The inside of the can was lined with aluminized mylar, and an
estimate of the radiation cooling of the samples yielded 2 vl under worst
conditions ({.e., sample at 20 K, can at 1.5 K). For our samples, this ﬁ
translates into a contribution to the drift rate < 10 uK/sec, which is

orders of magnitude smaller than drift rate due to the copper link (5),

Finally, the reservoir (6) was outfitted with a heater (300), a silicon




diode thermometer, a calibrated germanium thermometer, and a capacitance
thermometer. The reservolr heater and the silicon dicde were connected

to a temperature controller.

The cryostat was evacuated at room temperature, pre-cooled in liquid
nitrogen, and inserted into the bore of the magnet filled with liquid helium.
About 4-6 hr were required to cool the samples to helium temperatures through
the various thermal links under the high vacuum conditions, and this long
cooldown eliminated the transient drift of the capacitance thermomeCers,S
The reservoir post stabilized at & 3 K when the helium bath was pumped to
~n1LS K,

The capacitance thermometers were first calibrated against the
germanium thermometer in zero field, and about seven calibration points
4-20 were taken (the capacitance thermometer i1s nearly linear in this
range). Bringing the samples into equilibrium with the temperature-
controlled reservoir was facilitated by using the sample heaters which

could be individually activated.

Next, the zero-field drift, 20 » 3.2 K, was carried out to determine
¢o’ Eq.(5). With the reservoir at A3 K, the sample heaters were used to
bring the samples to 20 K, and removing the heater powers initiated the
T-t drift. The subsequent drifts in intense fields were carried out in
the same fashion. Heating the samples to 20 K prior to a drift heated
the reservoir to 6 K. When the power to the sample was removed, the
regerolr temperature, T0 in Eq.(2), rapidly drifted back to A3 K, and

this reservoir drift was measured with the capacitance thermometer mounted

on the reservoir post,.

Data Collection and Reduction

The calibrated germanium thermometer was measured by the usual four-
lead potentiometric method with current reversal, and for calibration

purposes the capacitance thermometers were measured with a General Radio




transformer ratio-arm bridge (Model 1615-A) driven by a Krohn-Hite Mode!

4022R oscillator. The resulting capacitance (c)-temperature (1) data werc

o)

fitted to the fourth-order expansion,

3
[l
C ¥
[}
0

which results in an uncertainty < * 15mK in determining the absolute

temperature in this temperature range.

The drift data were automatically collected as follows: Before the

start of a drift with the sample at ~20 K, the capacitance bridpe was

approximately balanced. During the drift, the bridge imbalance was supplicd
to a PAR Model 129 two-phase, lock-in amplifier with the quadrature ol cute.

so the signal input was pure capacitive. The lock-in amplirier was exoor: 7

referenced by the Krohn-Hite oscillator, and the d.c. outpuz or the w
was fed to a Digital Equipment Corporation Dara Colliection Syscem, Minc
An EC Model 5105 pulse generator connected to the Minc 11 triggered voltao.

readings every 15 sec (set with an HP Model 5302A Universal Counterh,

these voltages were stored by the Minc System on a disc. Voltape rendic.
were thus taken at temperature intervals < 150 mK. Frowm 20 to 3 K, ti.
capacitance thermometer typically changes from 22.5 to 19.0 nt', revpoetive

and the gain of the amplifier was set such that * C.5 n}¥ corresponded to
T * 60% scale deflection. Consequently, the bridge settiny was c.unged i:

! oF increments (between voltage recadings) during the drift. ‘dhree bvid .

amplifier systems were used for the three samples, and the Minc !! recoricd

the three voltage signals simultaneously.

The data-collection systems were calilbrated using standard capaciter:

in the range 17 to 23 nF, and these calibrution data were fitted to
2
Cc = Cn + AIV + sz ’\\"‘)

where <, is the null capacitance and V is the amplifier voltape. The

S




quadratic term in Eq.(8) was always small, indicating that the amplifier
was in the linear range. In some cases, A1 and A2 in Eq.(8) were found to
be slightly dependent on c,

To summarize, the amplifier V-data at l5-sec intervals were converted
to c-data using Eq.(8), then to T-data using Eq.(7). These T-t data sets
were then used to generate the ¢0 and ¢H data according to Eq.(2). The
initial, rapid reservoir drift between 6 + 3 K mentioned above was accurately
described by a single exponential, To(t) - To(m) « exp(-t/t), and was also

incorporated in Eq.(2).

Wire Calibration (BH)

In this section, we will describe the calibration of the 0.07 mm diam
copper wire used as the dominant thermal link for the high specific heat
samples. It should be noted, however, that if the thermal conductance of
the dominant thermal link is magnetic-field independent, then BH = 1 from
Eg.(6). In this case, the zero-field drift calibrates the link.

In the general case, as defined by Eq.(l),

-1/7T
6, = (A/2) (1T ) /To K,dT (9)

from Eq.(l), where A/ 1s the geometric factor for the link and KH is the

thermal conductivity.

Copper has a significant magneto-thermal conductivity effect which
is anisotropic, and this complicates the calibration of the copper wire.
The spiralled link (5) in Fig. 1 has both transverse and longitudinal
components, and introducing thermal resistivities, which are additive,
in Eq.(9) ylelds

T
i -1 -1
GH = A(T_To) [ro (Qtyt + Qng) dT (10)

. S
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where Yt and Y, are the transverse and longitudinal thermal resistivities,
respectively. The effective lengths of the two comporents, Qt and 21, arc
found directly from the physical dimensions of the spiral. Finally, the
calibration parameter, SH of Eq.(6), 1s determined by the ratio of the
integrals defined by Eqs.(9) and (10), and the area of the wire cancels

in the ratio.

Consequently, the wire calibration here necessitated measuring the
transverse and longitudinal thermal conductivities of the copper wire
(RRR = 108) in intense fields at low temperatures, and these measurcments
are reported elsewhe.re9 (It was found that the Wiedemann-Franz ratio was
unreliable for determining Ye and Yq from the corresponding electrical
resistivities.). In Fig. 2 are shown thermal resistivities for this copuer
wire at 0, 5, and 10 T (Data at 2.5 T intervals up to 15 T are avuilable

from the authors.).

The total length of the copper links were chosen for our high speci?ic
heat samples such that the drift rate did not exceed !0 mK/sec. This cou’!
be determined adequately from the time constant, T = G/ff. A complicatiny
feature arose, however, from drift rates that were too slow at the very
high field levels, as may be judged from Fig. 2. It was found necessary

to shorten the copper links by about one-half for fields above 7.5 T.

EXPERIMENTAL RESULTS

A typical T-t drift record as generated on an HP 7221B plotter is sliown
in Fig. 3. The sample here was the chromite spinel mentioned above. To
generate ¢-T data from a T-t record according to Eq.(2), it proved necessary
to smooth the data before forming the dT/dt derivatives. The most satis-
factory method for data smoothing consisted of dividing the T-t record into
several overlapping regions, drawing the best curve through the experimental
data, and digitizing the curves on an HP 7221B plotter, A third-order spline
fitlo was applied to the digitized data prior to generating the derivative
data., The ¢-T data generated in this fashion from the T-t data in Fig. 3




are shown 1n Fig. 4. A flat region in the T-~t data, such as near 8 K in
Fig. 3, indicates a peak 1n ¢ according to Eq.(2) and a maximum in the
specific heat according to Eq.(3).

Finally, the specific heat data at 7.5 T of the chromite spinel sample
mentioned above,.as determined by this method, are shown in Fig. 5. The ¢0
and ¢7‘5 data were determined as discussed above, and the 87‘5 calibration
parameter was determined from the magneto~thermal conductivity data accord-
ing to Eqs.(6) and (10). The independently measured C0 data on this sample
are also shown in Fig. 5. The addenda term, a(T) in Eq.(5), was determined
from the addenda weights using literature data for the 7031 varnish and
metals., The capacitance-thermometer addendum was taken from recently
published data.6 For this spinel sample, the addenda correction was very
small; for example, at 10 K, a(l0) = 5500 erg K—l whereas[ﬁ z 4 x 105 erg K—l
from Fig. 5 (i.e., 2 g sample), so the addenda constitute about 1.47 of the
total heat capacity at 10 K.

The C7 5 data in Fig. 5 show conslderable structure in the neighbor-

hood of the zero-fleld specific heat maximum at 7.99 K. These C7.5 data
between 7-9 K are shown separately in Fig. 6, and a second peak appears

at 8.32 K together with satellite peaks at 8,10 and 8.41 on the high-
temperature wings of the two main peaks at 7.5 T. The first peak at 7.99 K

is unaffected in height or temperature by the 7.5 T field.

DISCUSSION

The results presented here demonstrate that this drift method employing
capacitance thermometry is a very sensitive technique r measuring specific
heat data in intense magnetic fields. The versatility of the method is
evident in Fig. 6 where a considerable amount of structure is resolved
within a relatively narrow temperature range. The method 1s especially
well-suited for resolving such data near a maximum, as in Fig. 6, because
the drift rate slows considerably and AT's 10 mK are involved. By contrast,
the conventional pulse method involves AT's ~200 mwK at, say; 8 K, and con-

sequently there is some rounding of the data near the maximum. The ability




to collect calorimetric data on three samples simultancous:y i, o distin ¢
advantage, and the problems of calibrating the capacitance thernometers
in situ and accommodating the transient drift with & long cuoldown sven
far less formidable than calibrating the magnetoresistance of resistance

thermometers.

The major disadvantage of the method as presented here was the cali-
C
bration of the copper link wire, which grew into a separate b[udy.J How=

ever, the copper wire was dictated by the very large specific heats of the
samples measured, whereas for samples with smaller specific heats & men:unin
link [such as (4) in Fig. 1] would suffice. Moreover, a manganin link orlers
a considerable calibration advantage compared to copper becatse the nagsnela-
resistive effect in manganin is negligibly small.lI Consequentty, for
manganin, BH = 1 (recall that the zero-field drift calibrates the thermal

link provided there are no magneto-thermal conductivity cffects).

The capacitance thermometer element may appear to reprisent a sieniti-
cant addendum for samples with small specific heats, but at 1C X this cleroos

represents only about 20% of the total addenda quoted above (5500 er, b

If one sets an upper limit of 50% on the addenda contribution to the suvec ot
heat, then the sample specific heat should bu at least <3 x 19? ere

at 10 K for a 2-g sample for using this method. For comparison, the spes i

heat of glass 1s 5 x 104 erg g~1 K_l at 10 X,

There is a certain degree of arbitrariness in smoothing the T-t drit:
data as described above., As an internal check, the experimental T-t data

leading to the C data in Fig. 6 were independently smoothed two difterent

7.5

ways. The two sets of resulting C data in the range 7-9 K, measured in

7.5
two independent runs, matched identically, as regards major structure, and
this was a stringent test of the method due to the structure in the data

(note the logarithmic scale in Fig. 6).

Finally, we consider the sources of error in the method: Referrvine

to Eq.(5), the largest source of error most probably 1is due to UO. the




zero-field specific heat which must be measured independently. In the casc
of our materials, the uncertainty in Co was no larger than * 57. Depending
on the thermal link, the uncertainty in BH can be very small. In the extreme
case of the copper link used here, the uncertainty in the thermal conductivity
values used is = 5%.9 However, since a ratilo of integrals is involved in
BH’ the uncertainty in BH is smaller than the uncertainty in the thermal
conductivities. The uncertainty in the addenda term, a(T), is negligible

in our case, and the uncertainty in the ratio of ¢'s in Eq.(5) is certainly
below = 2%, except when dT/dt is small (near a peak in C). Since all these
sources of error are independent, we estimate that the upper limit on the
uncertainty of the method is & * 7%, A major source of error is not apparent
from Eq.(5); namely, at a high drift rate the sample will not be in thermal
equilibrium with the thermometer. This thermal lag, however, can easily be
circumvented by embedding the thermometer in the sample such that the longest

thermal diffusion path is commensurate with the diffusivity of the material.
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Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.
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FIGURE CAPTIONS

Schematic drawing of the experimental arrangement for measuring
specific heat in intense magnetic fields at low temperatures.
The sample (1) containing a capacitance thermometer element (2)
and a heater (7) is linked to a copper reservoir (6) by a
mechanical link (4) and a dominant thermal link (5).

Longitudinal and transverse thermal resistivity data for the
copper thermal link wire at 0, 5, and 10 T. These are repre-
sentatlve data from Ref. 9 which are used to evaluate the
integral in Eq. (10).

Example of a time-temperature drift record generated by the
data collection system. The sample here was the chromite
spinel mentioned in the text and the field level was zero.

Example of the ¢-T data generated according to Eq.(2) by the
method discussed in the text. These ¢ data were generated
from the T-t drift data in Fig. 3.

Specific heat of a chromite spinel at 7.5 T measured by the
drift method described in the text. The independently measured
zero-field specific heat data are shown for comparison, and the
peak at 7.99 K 1is not affected by the field.

Specific heat data at 7.5 T of the chromite spinel of Fig. 5
in the range 7-9 XK. At this field level, a second peak appears
at 8.32 K and satellite structures appear at 8.10 and 8.41 XK.
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